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Abstract 
Using Brownian molecular dynamics simulations as well as Random Forest 
Algorithms, the internal dynamics and biomechanical response of von Willebrand Factor 
(vWF) multimers subject to shear flows are examined.  The coarse-grained multimer 
description employed here is based on a monomer model in which the A2 domain of vWF 
is explicitly represented by a non-linear elastic spring whose mechanical response was fit 
to experimental force/extension data from vWF monomers.  This permits examination of 
the dynamic behavior of hydrodynamic forces acting on A2 domains as a function of shear 
rate and multimer length, as well as position of an A2 domain along the multimer 
contour.  A machine learning tool is herein developed that is useful for predicting the 
instantaneous dynamical state of sub-monomer features within long linear polymer chains, 
as well as extracting the dominant macromolecular motions associated with sub-monomer 
behaviors of interest.  This tool is employed to better understand and predict sub-monomer 
A2 domain unfolding dynamics occurring amidst the dominant large-scale macromolecular 
motions of the biopolymer vWF immersed in flow.  Lastly, Brownian dynamics 
simulations are employed to help explain details of experimental observations for the 
extensional response behaviors exhibited by wall-bound vWF subject to shearing flows 
within a microfluidic device.  
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Chapter 1: Introduction 
The purpose of this chapter is to introduce the reader to the flow-activated plasma 
protein called von Willebrand Factor, as well as the flow-induced dynamics of single 
polymer molecules in flow.  It is by no means exhaustive, but rather intends to familiarize 
the reader to material within the purview of this work.  The reader is first introduced to the 
notion of flow-activated biological polymers, followed by more specific discussion of the 
origin and function of vWF.  The role of flow and hydrodynamic force in the physiological 
activation of in vivo multimers is examined for vWF proteolysis, vWF-GPIb𝛼 binding, and 
vWF-collagen binding.  The chapter concludes with a brief review of many relevant 
findings from both experiment and simulation by prior authors concerning the current state 
of knowledge for several topics including: coarse-grained modeling and BD simulations, 
hydrodynamic interactions, flow-induced dynamics of individual polymers in bulk flow, 
wall-bound polymer dynamics, and shear-induced vWF adhesion. 
1.1 Functional Activation of Biological Molecules 
Functionality for some biologically relevant molecules is strongly dependent upon 
changes in their biomechanical state.  These changes can manifest in, for example, 
polymeric conformation or the internal stress distribution, and occur in response to the 
sensation of stimuli, such as chemical signaling or mechanical stimulation2–6.  In particular, 
flow plays an important role in the regulation of biomechanical state and functionality for 
a number of biomolecules and their assemblies7–11.  Conventional studies have focused on 
the bulk rheological properties of solutions or gels, while recent research aims at 
elucidating the dynamics of individual biomolecules under flow using both experimental 
and computational approaches.  A well-studied example is a clotting factor called von 
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Willebrand Factor (vWF), which has attracted much attention as the “Jedi knight of the 
bloodstream” because of its hydrodynamic force-sensing capabilities that promote 
hemostasis12 and binding interactions with collagen and platelet receptors13–15. 
1.2 von Willebrand Factor 
1.2.1 Synthesis and Function 
vWF is a large multimeric protein found in human blood plasma, as well as in some 
species of canine16.  vWF plays an indispensable role in the blood clotting process by 
initiation of clot formation that stops bleeding due to vessel hemorrhage12,17–20.  An ultra-
large form of vWF (ULvWF) is synthesized and released into circulation by the Weibel-
Palade bodies of endothelial cells.  ULvWF can contain as many as 3,500 monomers, and 
is essential for effective blood clot formation12, because the hemostatic potential of 
individual vWF molecules is directly related to their length.  However, excessive 
concentrations of ULvWF can result in adverse blood clotting, so the enzyme ADAMTS13 
cleaves ULvWF into a wide range of multimer lengths within about 2 hours of secretion12.  
It has been reported that in vivo vWF sizes are characterized by discrete ranges of 
molecular weights that collectively show an exponential distribution20.  Springer et al. 
reported that functional in vivo vWF multimers can contain upwards of 40 to 200 
monomers12.  Healthy hemostatic potential depends greatly on the proper size distribution 
and concentrations of vWF, which is dictated by the enzymatic cleavage of vWF by 
ADAMTS1321.  If vWF multimers do not undergo enough scission, then abnormally high 
concentrations of large vWF can cause the formation of many small blood clots called 
thrombi, leading to Thrombotic Thrombocytopenic Purpura22–24.  On the other hand, too 
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much vWF proteolysis results in a lack of large vWF, which causes excessive bleeding and 
may lead to type I von Willebrand Disease25. 
1.2.2 Flow-Induced vWF Dynamics 
vWF functionality is flow-regulated.  vWF is able to sense elevated hydrodynamic 
forces and respond by undergoing conformational changes26–28.  These changes occur on 
multiple length scales.   vWF assumes a globular conformation under normal circulation 
conditions, where it is essentially inert26,28,29.  However, large hydrodynamic forces can 
cause vWF to undergo macromolecular conformational changes by unraveling, often at the 
site of vascular damage27–34.  In order to participate in necessary physiological processes, 
such as hemostasis, thrombosis, or scission, vWF must first be activated in a two-step 
process12,23,35; macromolecular unraveling is the first step towards activation.  Unraveling, 
on a macromolecular level, reveals previously hidden active sites that are otherwise deeply 
buried within the globule12,19,35. 
1.2.3 Proteolysis 
 This work is primarily concerned with the second-step required for vWF scission 
activation, which is the tension-dependent partial or complete unfolding of sub-monomer 
A2 domains at localized regions along the multimer contour.  Although the underlying 
sensory mechanism remains unclear, it is generally accepted that the A2 domain senses 
elevated hydrodynamic force and unfolds accordingly23,31.  This mechanism is required for 
vWF cleavage, or proteolysis, to occur since the scission site is otherwise hidden in the 
folded A2 domain structure19,34,36–38.  The A2 domain remains folded under a threshold 
tensile force, making it unsusceptible to scission.  Based on experimental results, Zhang 
predicted that the most likely internal tensile force for A2 domain unfolding to occur is 
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approximately 11pN23.  For vWF in flow, achieving this unfolding force in an A2 domain 
greatly depends on macromolecular conformation, location along the multimer contour, 
and corresponding local internal tensile force distribution. 
1.2.4 GPIb𝛂 Platelet Receptor Binding 
In addition to molecular scission, the platelet binding process39 also depends 
heavily on internal vWF dynamics, conformational activation, and tension dependent 
transitions.  These things induce high affinity regions that enable local platelet binding35.  
Macromolecular unravelling reveals binding sites in the A1 domain for the platelet receptor 
GpIb𝛼, which enables vWF to act as a bridge molecule in the binding of platelets to 
damaged blood vessels27.  Previous studies by Arya et al. and Schade et al. report on the 
fundamental behavior of binding interactions and force-sensitive responses of vWF and the 
GPIbα platelet receptor during the first stage of hemostasis15,40,41.  Although the A2 domain 
is not directly responsible for vWF/platelet binding, a recent experimental work found that 
the A2 domain specifically binds to the active conformation of the A1 domain and 
effectively blocks interactions between the A1 domain and platelet GPIbα39,42.  The 
dissociation of the A1-A2 complex is caused by a stretching force that was found to be 
coupled with A2 domain unfolding, such that A1-A2 dissociation occurred just before 
exposure of the cleavage site within the A2 domain, thereby exposing the A1 domain 
binding site for GPIbα43.  The exact biochemical basis for A1-A2 interaction was recently 
quantified more precisely44.  A1-GPIb𝛼 interactions have also shown to trigger platelet 
integrin signaling and activation45,46. 
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1.2.5 Collagen Binding and Endothelial Tethering 
vWF functionality also manifests in A3-collagen binding38.  In the event of vascular 
damage, vWF is able to bind with exposed collagen at the A3 domain and become tethered 
to the vessel wall.  Tethering can also occur if ultra-large vWF remains anchored during 
secretion into the vasculature. Several authors have advanced simulation data that invoked 
A2 domain mediation of A3-collagen binding as a mechanism for observing shear-induced 
binding trends that are in agreement with experiment47.  While A2 domain mediation of 
A3-collagen binding has not been confirmed or refuted by experiment, data that have been 
advanced clarifying A2 mediation of A1-platelet binding were obtained from a number of 
different experimental methods.  It is clear that A2 domain distortion and eventual 
unfolding are behaviors critical to healthy vWF functionality and physiological activation, 
given their involvement in the proteolysis, as well as the GPIb𝛼 and collagen binding 
processes. 
1.3 Single-Molecule Microfluidic Experiments 
Previous authors have used single-molecule experiments to examine the flow-
induced dynamics and functionality of tethered and free-flowing VWF, which helped 
elucidate many molecular-level behaviors crucial to VWF biology and physics.  Atomic 
force microscopy (AFM) has been used to capture in situ variations in the three-
dimensional structure of VWF under shearing28,48.  However, the temporal resolution of 
AFM is insufficient for capturing the highly dynamic behavior of VWF in flow.  
Furthermore, the AFM probe could potentially interfere with observations of shear-induced 
conformational changes.  Microfluidic channels combined with fluorescence microscopy 
have enabled visualization of shear-induced VWF unraveling.  Significant elongations 
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were observed above a critical shear rate of 5,000 𝑠−1 for free-flowing VWF in the bulk49.  
Other authors observed extended conformations of non-grafted VWF in the bulk above the 
threshold shear stress of approximately 2.0 − 2.5 𝑃𝑎50.  This corresponds to shear rates of 
approximately 20,000 𝑠−1 to 25,000 𝑠−1 for a fluid viscosity of 100 𝑚𝑃𝑎 𝑠, which is 100 
times larger than the viscosity of water at room temperature.  Recently in their seminal 
work, Fu, Jiang, et al. observed shear-induced elongation, activation, and subsequent 
VWF-GPIb𝛼 binding of surface-bound VWF in shearing flows35.   
The optical imaging techniques typically employed for single-molecule 
visualization have limited spatial and temporal resolutions, which challenges their use for 
probing sub-monomer VWF dynamics.  Nonetheless, subtle domain-level conformational 
changes at length scales below 10 𝑛𝑚 have been captured using small-angle neutron 
scattering (SANS) and fluorescence microscopy at shear rates < 3,000 𝑠−1 for VWF in 
the bulk27.  In addition, Arya et al. used optical tweezers to characterize the interactions 
between VWF and GPIb𝛼13,15. Despite these in depth studies, many domain-level details 
of the underlying flow-induced biomechanical responses of VWF remain unknown. 
1.4 Molecular Modeling and Simulation of Polymers 
A variety of molecular dynamics (MD) simulations and modeling techniques have 
been used to study individual polymers, or their constituents, under numerous flow 
conditions.  The following subsections present the reader with a brief review that begins 
with pertinent findings from fully-atomistic simulation studies, and is followed by 
discussion of coarse-grained modeling.  The last four subsections identify and discuss the 
most relevant studies in the literature to this body of work, which primarily concern coarse-
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grained, single-molecule Brownian dynamics simulations of colloids, polymers, and vWF 
in flow with hydrodynamic interactions. 
1.4.1 Atomistic Modeling and Simulation 
Atomistic-level simulations are capable of reproducing local molecule structure 
with great accuracy, but are limited by immense computational expense.  Nonetheless, 
accessibility to high-performance supercomputers now enables simulations on the order of 
microseconds for fully-atomistic models51 and hundreds of microseconds for atomistically-
detailed models52.  Kuzmanic et al. sought to test the ability of eight recently released 
atomistic force fields to model the structural and dynamical properties of proteins 
containing both folded and partially disordered domains53.  These force fields were 
compared against nuclear magnetic resonance observations of the major factor VIII binding 
region on vWF.  The authors showed that some of the available force fields effectively 
captured the measured structure and dynamics, and further that only these force fields can 
qualitatively capture the structural effects of mutation.  Xu and colleagues recently reported 
the solution structure of the C4 domain that binds to the platelet integrin, which makes it 
crucial to vWF function54.  These authors used atomistic simulations to examine the 
possible dependence of domain dynamics on mutation, but only observed minor 
differences between C4 variants.  Dong et al. employed a fully-atomistic model to study 
the force-induced unfolding of the A2 domain with and without a single N-linked glycan 
on each site55.  The authors found that N-linked glycans can prohibit binding of the A2 
domain with ADAMTS13, which would prevent vWF proteolysis.  Recently, an atomistic 
simulation was employed to reveal sub-monomer VWF dynamics that helped provide a 
mechanistic explanation for the mechanically-regulated autoinhibition of VWF-platelet 
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binding40.  Those authors identified that cleavage of an unusual disulfide bond in the A2 
domain modifies its structure and molecular stresses in a long-range allosteric manner, 
which induces A1-A2 domain binding and blocks the GPIb𝛼 binding site in the A1 domain. 
1.4.2 Coarse-Graining 
Generally, the dynamics of immersed polymers occur over a range of coupled 
length and timescales.  For example, the rapidly-fluctuating motion of a short segment due 
to Brownian motion occurs dramatically faster than complete macromolecular unraveling 
of the entire polymer.  Fully-atomistic simulations contain many degrees of freedom that 
challenge the computation of long-time dynamical behaviors.  Coarse-graining is the 
process of reducing the total number of degrees of freedom in a polymer model by grouping 
together multiple local structural components into a new single entity.  This process allows 
for larger system sizes that can explore long-time dynamics much more efficiently.  The 
majority of efforts have been directed at coarse-graining by means of beads – often 
connected by either rods or springs.  Although, some authors exploit elements of slender 
body theory to simulate thin fibers, or filaments, by integrating the governing equations of 
motion along the filament centerline56,57.     
Coarse-graining reduces the number of degrees of freedom in a system, which 
creates a smoother free-energy landscape when compared to fully atomistic model 
simulations52.  Theoretically, the ideal coarse-grained model would be efficient to simulate, 
and reproduce both the local and macromolecular-scale polymer structure.  Critical issues 
discussed in the literature revolve around elucidating the required coarse-graining 
resolution52 and determining which local structural elements are most influential58 for 
accurately capturing molecule-scale properties.  One impact of coarse-graining is an 
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overarching enhancement of the diffusive motion of polymers in solution, which is a result 
of the reduced friction of coarse-grained beads and the smoother energy landscape.  Volgin 
et al. recently investigated this effect, and probed the diffusive properties of nanoparticles 
within a polymer nanocomposite material for two different coarse-graining resolutions of 
the host polymer51. 
vWF is a long, linear biopolymer that can undergo significant macromolecular 
unravelling events under the influence of sufficient hydrodynamic force.  Macromolecular 
unraveling occurs on length scales much greater than lengths associated with individual 
domains, and even monomers.  Accordingly, authors who study large-scale conformational 
changes of vWF must typically neglect details of the local, sub-monomer polymer 
structure.  Instead, coarse-grained vWF polymer models (see bead radii discussion in 
Section 3.5) have often employed a single bead to represent entire domains or their 
assemblies, monomers, and even dimers!  Coarse-graining increases the characteristic 
length and timescales associated with the polymer model, and allows for examination of 
long-time macromolecular unravelling behaviors by means of Brownian dynamics 
simulations. 
1.4.3 Brownian Dynamics Simulations 
Perhaps the central most seminal work to recent advancements in single-molecule, 
coarse-grained simulation of bead-spring polymer models is the 1978 paper by Ermak and 
McCammon59.  This work details a method of performing Brownian dynamics (BD) 
simulations for an 𝑁 bead system with inclusion of hydrodynamic interactions, wherein a 
bead displacement equation is numerically integrated over time to obtain configuration 
space trajectories for the ensemble.  Due to the large mass and size of the Brownian 
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particles (i.e. beads), configurational changes in polymer structure occur much more slowly 
than changes in the momentum of individual beads.  Consequently, BD simulations probe 
long-time conformational dynamics by neglecting the mass of coarse-grained beads, since 
the distribution of particle momenta relaxes much more quickly.  In this inertia-free regime, 
bead dynamics are governed by the Langevin equation.  The majority of recent works using 
BD simulations to model full-length vWF in flow generally follow the simulation 
technique outlined by Ermak and McCammon.  However, considerable work has been 
devoted to improving the efficiency of large system simulations that contain long-ranged, 
many-body hydrodynamic interactions, and new implementation schemes for 
hydrodynamic interactions likely account for most significant differences between 
practitioners nowadays. 
1.4.4 Hydrodynamic Interactions 
Hydrodynamic interactions (HI) describe perturbations propagated through the host 
solvent that are caused when the force-induced motion of one bead displaces the solvent 
surrounding it, which subsequently induces the displacement of a different neighboring 
bead.  Solvent molecules are not explicitly modeled in BD simulations, so these crucial 
polymer-solvent interactions are accounted for by the inclusion of frictional and stochastic 
forces based on singularity solutions of Stokes equation for low-Reynolds number flows.  
Ermak and McCammon’s original work employed a procedure for implementing HI that 
required performing Cholesky decomposition of the fourth-order diffusion tensor, which 
scales as 𝒪(𝑁3) operations.  An early attempt at improving simulation efficiency was made 
by Heyes using a mean-field representation of the many-body hydrodynamics60.  A 
significant improvement was made later by Fixman61–63 who suggested approximating the 
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square-root tensor using Chebyshev polynomials, which scales as 𝒪(𝑁2.25) operations.  
Another approximation, called the truncated expansion ansatz, was suggested that reduces 
the number of operations to 𝒪(𝑁2) and formally treats the displacements from random 
Brownian forces as those due to deterministic forces64.  Comprehensive works on the 
importance65 and effects66 of hydrodynamic interactions have been published, as well as 
articles comparing various HI implementation algorithms for BD simulations67,68. 
Recent research has taken aim at modeling the complete solvent flow field, 
including HI, using a lattice-Boltzmann method, which is two-way coupled with a 
Langevin-dynamics method to solve for the polymer trajectories over time.  In this 
approach, the polymer-solvent interactions are computed separately from the polymer-
polymer interactions, which implies this method of BD simulation intrinsically scales 
linearly, as 𝒪(𝑁).  Several works have employed this method to examine nanoparticle 
transport69, polymer/nanoparticle suspensions70, and polymers interacting with charged 
nanoparticles71 in flow. 
1.4.5 Single-Molecule Simulations Polymers and Non-Grafted vWF 
Advancements in optical imaging as well as computing power have made 
examination of individual polymers accessible, and DNA is a benchmark example72–77.  
Examination of individual DNA molecules, as well as polyelectrolytes and polystyrene, 
opened the door to many new flow experiments, new physical principles governing the 
dynamics, and the development of mathematical and molecular modeling techniques for 
understanding these principles78.  Both Shaqfeh78 and Schroeder79 have published 
comprehensive reviews on the advancements made in the field of single-molecule polymer 
dynamics, chiefly by studying DNA.  These foundational works on DNA combined with 
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interest in the vWF molecule motivated a series of three papers80–82 by Alexander-Katz, 
Sing, and others examining the dynamics of non-grafted polymeric globules subject to 
shearing flows and bad solvent conditions.   
The first of these, published in 2006, is seminal to this work, as well as numerous 
others.  The authors examined the shear-induced unraveling of strongly collapsed polymers 
past a critical shear rate value using coarse-grained BD simulations.  They revealed the 
mechanism responsible for the initiation of macromolecular unraveling in bulk-flowing 
polymers, which they described in a protrusion nucleation theory.  The theory asserts that 
macromolecular unraveling is initiated when a small thermally-nucleated protrusion 
emerges from a globular polymer, which can lead to complete unraveling if the surrounding 
flow is sufficiently strong80–82.   
Similar coarse-grained, bead-spring models have been used by numerous others to 
characterize internal force distributions, adhesion and cleavage rates, critical shear rates, 
and conformational changes exhibited by non-grafted VWF subject to various flow and 
chain conditions.  Radtke et al. characterized the tension distribution along a vWF chain 
and employed a probabilistic condition to describe A2 domain susceptibility to cleavage, 
which derives from experimental findings by Lippok et al30,31.  Both authors were able to 
model vWF scission and predict a cleavage rate using a Morrison enzyme kinetics model.  
Schwarzl et al. characterized tensile force profiles and the shear-rate-dependent behavior 
of the globular-coil transition for both grafted and non-grafted polymers83.  Huisman et al. 
introduced two vWF cleavage models, a geometric model and a force model, which utilize 
a cleavage probability based on the time step size and selected cleavage rate84.  This 
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allowed them to study the temporal evolution of vWF size distributions due to enzymatic 
cleavage for a given cleavage probability.   
1.4.6 Single-Molecule Simulations of Tethered Polymers and vWF Adhesion 
 Exploration of polymer adsorption to a substrate was motivated largely by 
polyelectrolytes and charged nucleotides, such as DNA, for their binding properties with a 
desired target site (i.e. an oppositely charged surface).  Hoda and Kumar presented a 
coarse-grained BD simulation technique for modeling single-molecule adsorption of a 
polyelectrolyte to a planar model surface85.  The authors defined a diffusion tensor, based 
on Blake’s method of images, suitable for simulation of Brownian particles in the presence 
of an infinitely flat planar wall, where the no-slip boundary condition is satisfied exactly 
at the wall surface and a correction term accounts for finite bead radii.  This method was 
employed in a number of works that examined polyelectrolyte adsorption behaviors86–89, 
and is employed later in this work.  Another relevant study reported on the strongly 
stretched behaviors of tethered polymers in shear flow90. 
For vWF, tethering to a wall can occur when the A3 domain binds with exposed 
collagen lining the lumen of a blood vessel, or if ultra-large vWF remains anchored during 
secretion into the vasculature.   However, there is a well-known “depletion zone” that exists 
for flowing solutions of macromolecules near surfaces91.  The presence of the wall disrupts 
flow-symmetry and induces a hydrodynamic lift force, which tends to drive the polymer 
away from the surface and suppress adhesion.  Counterintuitively, it has been shown that 
vWF adhesion is shear-activated, and the rate of adsorption is enhanced by strong shearing 
conditions49.  Any earlier work employing BD simulations found that force-induced 
unbinding of vWF to a model surface must be suppressed in order to replicate shear-
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induced adsorption under high shearing conditions92 – i.e. a catch bond is needed.  Since 
then, a number of authors have further probed shear-induced vWF adhesion47, the use of 
catch bonds93,94, and the influence of homogeneous and inhomogeneous binding surfaces95. 
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Chapter 2: Methodologies 
2.1 Coarse-Grained vWF Monomer Model 
Figure 1 depicts the molecular modeling process at the domain-level for the vWF 
monomer using traditional coarse-grained techniques.  The result is a parameterized bead-
spring model of the vWF monomer.  The physical model considers a single vWF monomer 
as a system of two beads connected by a Finitely Extensible Nonlinear Elastic (FENE) 
spring.  The FENE spring represents the A2 domain of the vWF monomer, and has a spring 
constant and maximum extensible length that were obtained by fitting experimental force-
extension data23,34.  Each bead represents the collection of domains on either side of the 
A2, and adjacent monomers are connected by stiff harmonic springs that represent disulfide 
bonds. 
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Figure 1: (A) Schematic of the domains or domain assemblies comprising one vWF 
monomer.  The background coloring corresponds to the monomer model coloring used in 
(B – C).  (B) Bead-spring model employed to represent the vWF monomer. (C) Each 
spherical bead (green) has a radius 𝑎, and represents the groupings of domains on either 
side of the A2 domain.  The A2 domain is explicitly represented by a finitely extensible 
nonlinear elastic (FENE) spring (red).  Adjacent monomers are connected by stiff harmonic 
springs (blue), which represent strong disulfide bonds. 
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2.2 Brownian Dynamics Simulations and the Langevin Equation 
Brownian dynamics simulations for the bead-spring model are performed using the 
discretized Langevin equation, 
?⃑? 𝑖
𝑛 = ?⃑? 𝑖
𝑛−1 + [(𝜵?⃑⃑? ∞)𝑇 ∙ ?⃑? 𝑖 +
1
𝑘𝑏𝑇
∑ 𝑫𝑖𝑗 ∙ (?⃑? 𝑗
𝐿𝐽 + ?⃑? 𝑗
𝑆 + ?⃑? 𝑗
𝑊𝐵 + ?⃑? 𝑗
𝑊𝑅)𝑁𝑗=1 + ∑ 𝜵?⃑? 𝑗 ⋅ 𝑫𝑖𝑗
𝑁
𝑗=1 ] ∆𝑡 + ξ 𝑖  
The position vector of the 𝑖𝑡ℎ bead, ?⃑? 𝑖
𝑛, is given by the position at the previous time 
step, ?⃑? 𝑖
𝑛−1, plus a bead displacement occurring over the time step, Δ𝑡. 
(𝜵?⃑? ∞)𝑇 ∙ ?⃑? 𝑖 Δ𝑡 represents the displacement due to the unperturbed solvent velocity, 
?⃑? ∞, at the position of the 𝑖𝑡ℎ bead.  (𝜵?⃑? ∞)𝑇 ∙ ?⃑? 𝑖 = ?̇?𝑧?̂? for the simple shearing flows herein 
considered, where ?̇? is the shear rate, 𝑧 is the height of the 𝑖𝑡ℎ bead above the planar model 
surface in the shearing direction, and ?̂? is a unit vector pointing in the direction of flow 
along the positive x-axis.   
1
𝑘𝑏𝑇
∑ 𝑫
𝑖𝑗
∙ (?⃑⃑? 𝑗
𝐿𝐽
+ ?⃑⃑? 𝑗
𝑆
+ ?⃑⃑? 𝑗
𝑊𝐵
+ ?⃑⃑? 𝑗
𝑊𝑅
)𝑁𝑗=1 Δ𝑡 represents the displacements due to 
systematic forces acting on the 𝑖𝑡ℎ bead plus the 𝑁 − 1 disturbance velocities that are 
generated by the forced motion of neighboring beads, propagated through the solvent, and 
realized at the position of  ?⃑? 𝑖.  𝑫𝑖𝑗 is the second-order diffusion tensor that accounts for 
hydrodynamic interactions (HI), and it is multiplied by the systemic bead forces that are 
defined below. 
∑ 𝜵?⃑? 𝑗 ⋅ 𝑫𝑖𝑗
𝑁
𝑗=1 Δ𝑡 is a displacement arising from the divergence of the diffusion 
tensor.  It accounts for a spurious bead flux that manifests as a result of satisfying the no-
slip condition at the planar model surface.  Hydrodynamic interactions explicitly depend 
on the bead heights in the z-direction for an infinite flat wall in the xy-plane considered in 
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this work.  This quantity is identically zero in the absence of a wall.  The divergence of the 
diffusion tensor is given by,  
[𝜵 ⋅ 𝑫]
𝑖
= ∑
𝜕
𝜕?⃑? 𝑗
⋅ 𝑫𝑖𝑗
𝑁
𝑗=1 = (
1.125𝑎
𝑧𝑖
2 −
1.5𝑎3
𝑧𝑖
4 ) ?̂?𝑖 . 
𝜉 𝑖 is a stochastic displacement that accounts for hydrodynamic interactions among 
the interacting Brownian particles.  The random Brownian bead displacement is given by, 
𝜉 𝑖 = √6∆𝑡 ∑ 𝝈𝑖𝑗 ∙
𝑖
𝑗=1 ?⃑⃑? 𝑗 . 
𝝈 is the 3𝑁 × 3𝑁 Brownian tensor obtained by taking the square-root of the fourth-
order diffusion tensor, 𝑫, by Cholesky decomposition.  𝝈𝑖𝑗 is one entry (located at the 𝑖
𝑡ℎ 
row and 𝑗𝑡ℎ column) of 𝝈 that is itself a 3 × 3 second-order tensor.  ?⃑⃑? 𝑗 is a uniformly 
distributed random number vector with entries between [−1, 1].  𝑫𝑖𝑗 represents the 3 × 3 
second-order diffusion tensor that is one entry in the overall 3𝑁 × 3𝑁 fourth-order 
diffusion tensor, 𝑫.  The diffusion tensor, 𝑫, captures hydrodynamic interactions, such as 
shielding effects, among bead members, and simultaneously ensures the no-slip condition 
is satisfied at the infinite planar wall at height 𝑧 = 0.  𝑫𝑖𝑗 is given by, 
𝑫𝑖𝑗 = 𝛀𝑖𝑗 + 𝛿𝑖𝑗𝑰 = (1 − 𝛿𝑖𝑗)𝛀𝑖𝑗
𝑂 + 𝛀𝑖𝑗
𝑊 + 𝛿𝑖𝑗𝑰 . 
𝛿𝑖𝑗 is the Kronecker delta, and 𝑰 is the identity tensor.  The Oseen tensor, 𝛀𝑖𝑗
𝑂 , relates 
the force acting on the 𝑗𝑡ℎ bead to the velocity disturbance at the location of the 𝑖𝑡ℎ bead 
(neglecting any boundary conditions), and is replaced with the Rotne-Prager-Yamakawa 
(RPY) approximation tensor, 𝛀𝑖𝑗
𝑅𝑃𝑌, for numerical stability (i.e. positive-definiteness).  The 
tensor, 𝛀𝑖𝑗
𝑊, accounts for the no-slip boundary condition required at the wall surface of 
height 𝑧 = 0, and is given by, 
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𝛀𝑖𝑗
𝑊 = 𝛀𝑖𝑗
𝑃𝐹 −
2𝑎2
3
𝛀𝑖𝑗
𝐶  . 
𝛀𝑖𝑗
𝑃𝐹 represents the Green’s function satisfying Stokes flow equations for point 
forces near a solid wall, and 𝛀𝑖𝑗
𝐶  is a correction term that accounts for the finite bead size.  
Definitions for 𝛀𝑖𝑗
𝑅𝑃𝑌, 𝛀𝑖𝑗
𝑃𝐹, and 𝛀𝑖𝑗
𝐶  can be found in a prior work85. 
2.3 Systematic Forces 
The polymer chain has a globular affinity that is modeled using the 12-6 Lennard-
Jones potential.  ?⃑? 𝑗
𝐿𝐽
 is the resultant Lennard-Jones force, which is the sum of the 𝑁 − 1 
pairwise additive Lennard-Jones forces between every bead pair in the ensemble involving 
the 𝑗𝑡ℎ bead.  ?⃑? 𝑗
𝐿𝐽
 is given by, 
?⃑? 𝑗
𝐿𝐽 =
4𝜖
𝜎
{
 
 
 
 [12 (
𝜎
𝑄𝑗
)
13
− 6(
𝜎
𝑄𝑗
)
7
] ?̂?𝑗 , 𝑄𝑗 ≥
4
5
𝑄𝑒𝑞
[12 (
𝜎
4
5
 𝑄𝑡
)
13
− 6(
𝜎
4
5
 𝑄𝑡
)
7
] ?̂?𝑗 , 𝑄𝑗 <
4
5
𝑄𝑒𝑞
}
 
 
 
 
 . 
?⃑⃑? 𝑗 = ?⃑? 𝑖 − ?⃑? 𝑗 is the bead-bead separation vector with magnitude 𝑄𝑗 = ‖?⃑⃑? 𝑗‖, and 
?̂?𝑗 is the unit vector in the direction of ?⃑⃑? 𝑗.  𝜖 and 𝜎 are the energy and length parameters, 
respectively.  To ensure numerical stability in the event of overlapping beads, ?⃑? 𝑗
𝐿𝐽
 is 
defined piecewise so that the force magnitude is truncated if beads overlap by more than 
approximately 80% of their radius.  The separation distance demarking this truncation is 
given by 𝑄𝑡 = 2𝑎 + 1𝑛𝑚. 
?⃑? 𝑗
𝑆 is the resultant spring force.  Adjacent beads are connected by either finitely 
extensible nonlinear elastic (FENE) or harmonic springs that, respectively, take the form, 
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?⃑? 𝑗
𝐹𝐸𝑁𝐸 =
𝐻 (?⃑⃑? 𝑗 − ?⃑⃑? 𝑒𝑞)
1 − (
𝑄𝑗 − 𝑄𝑒𝑞
𝑄𝑚𝑎𝑥
)
2 and ?⃑? 𝑗
𝐻𝑎𝑟𝑚 = 𝑘 ( ?⃑⃑? 𝑗  −  ?⃑⃑? 𝑒𝑞) . 
?⃑⃑? 𝑗 = ?⃑? 𝑖 − ?⃑? 𝑗 is the bead-bead separation vector with magnitude 𝑄𝑗 = ‖?⃑⃑? 𝑗‖.  
?⃑⃑? 𝑒𝑞 = 𝑄𝑒𝑞 ?̂?𝑗 is the equilibrium spring length vector, where the equilibrium length is 𝑄𝑒𝑞 
measured from bead centers and ?̂?𝑗 is the unit vector in the direction of ?⃑⃑? 𝑗.  𝐻 is the FENE 
spring constant and the maximum extensible length is 𝑄𝑚𝑎𝑥, which were both obtained by 
fitting experimental A2 force-extension data23.  𝑘 = 100
𝑘𝑏𝑇
𝑎2
𝑝𝑁
𝑛𝑚
 is the stiff harmonic spring 
constant.  𝑘𝑏 is Boltzmann’s constant, 𝑇 is temperature, and 𝑎 is bead radius. 
?⃑? 𝑗
𝑊𝐵 is the wall binding force between a tethered bead and the model surface.  A 
stiff harmonic spring is used to model the surface bond, and is given by, 
?⃑? 𝑗
𝑊𝐵 = 𝑘𝑊𝐵 ( ?⃑? 𝑊𝐵 − ?⃑? 𝑒𝑞) 
𝑘𝑊𝐵 = 100
𝑘𝑏𝑇
𝑎2
𝑝𝑁
𝑛𝑚
 is the spring constant.  ?⃑? 𝑊𝐵 = ?⃑? 𝐵𝐿 − ?⃑? 𝑗 is the wall-bead 
separation vector, where ?⃑? 𝐵𝐿 = 〈 0, 0, 5𝑎 〉 is the wall-binding position vector.  Beads were 
immobilized so that the bead center was a height of 5𝑎 above the wall in the z-direction 
(equivalently, the bead edge was 2 bead diameters above the wall surface at 𝑧 = 0).  
Simulations involving multiple binding locations considered two wall-bound beads that 
were separated by a distance of 0.225 𝜇𝑚 in the flow-direction.  ?⃑? 𝑒𝑞 = 𝑎 ?̂?𝑊𝐵 is the 
equilibrium bond length that accounts for the finite bead radius, where ?̂?𝑊𝐵 is a unit vector 
in the direction of ?⃑? 𝑊𝐵.  𝑎 is the bead radius. 
 ?⃑? 𝑗
𝑊𝑅 is the wall repulsion force.  The governing equations have been constructed 
so that the no-slip condition holds at the model surface, however numerical instabilities 
can potentially cause a bead to overlap with, or fully penetrate, the model wall.  To ensure 
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numerical stability, we employ a soft potential that only acts very close to the model 
surface.  The corresponding force initiates only when the bead edge is less than one radius 
above the surface, and diverges when the bead edge and wall become flush.  ?⃑? 𝑗
𝑊𝑅 is given 
by, 
?⃑? 𝑗
𝑊𝑅 = −𝜵𝑈𝑊𝑅 = −𝜵{
−4 log(𝑧 − 𝑎) + 4𝑧 − 8 𝑧 < 2𝑎
0 𝑧 ≥ 2𝑎
} 
where  ?⃑? 𝑗 = 〈 𝑥, 𝑦, 𝑧 〉 and 𝑎 is the bead radius. 
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Chapter 3: Internal Tensile Force and A2 Domain Unfolding of 
von Willebrand Factor Multimers in Shear Flow 
3.1 Overview 
 This chapter focuses on flow-induced A2 domain unfolding dynamics.  Single-
molecule pulling experiments have demonstrated that the A2 domain unfolds due to 
internal tensile forces in the range of 7 − 15 𝑝𝑁23, where larger unfolding forces were 
observed for faster pulling rates.  Thus, under the action of hydrodynamic forces in 
shearing flows, it is expected that A2 domains unfold when subject to forces in the range 
reported from single-molecule pulling experiments.  The partial or complete unfolding of 
the A2 domain is required for molecular scission by the enzyme ADAMTS1396,97, because 
the vWF cleavage site is buried in the folded A2 domain structure and must be revealed by 
force-induced A2 domain unfolding in order for vWF proteolysis to occur38,98.  A2 domain 
cleavage is crucial for preventing excessive thrombus formation.  Large hemostatically 
active vWF multimers must be cleaved to functional lengths upon secretion into the 
vasculature in order to avoid adverse blood clotting20,29,30. 
This work employs a coarse-grained polymer model to examine vWF dynamics, 
which attempts to more realistically describe the molecular architecture inherent to vWF 
in order to better capture its internal dynamics, namely A2 domain dynamics34.  While 
coarse-grained, this model achieves increased fidelity by explicitly modeling the A2 
domain, which has been shown to unfold significantly under sufficient force23.  The A2 
domain has exhibited nonlinear force response to extension, although its real behavior is 
of course much more complex23.  Nonetheless, its treatment as a Finitely Extensible Non-
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linear Elastic (FENE) spring is sufficient for our purposes of examining internal force 
distribution in the current study. 
This work associates significant excursions of force within a model A2 FENE 
spring past 11 𝑝𝑁 with an implicit unfolding event.  This assumption is based on 
experimental data that positively correlates internal tension and probability for A2 domain 
unfolding, discussed above. 
Force/position data reveal that collapsed multimers exhibit a force distribution with 
two peaks, one near each end of the chain; unraveled multimers, however, show a single 
peak in A2 domain force near the center of multimers.  Our results suggest that the 
threshold shear rate required to induce A2 domain unfolding is inversely proportional to 
multimer length.  By examining data for the duration and location of significant force 
excursions, convincing evidence is advanced that unfolding of A2 domains, and therefore 
scission of vWF multimers by the size-regulating blood enzyme ADAMTS13, happen 
preferentially near the center of unraveled multimers.  For several vWF multimer lengths, 
we directly calculate the shear flow conditions required to induce FENE spring force 
excursions that we associate with A2 domain unfolding.  We claim that the most likely 
location for vWF scission by ADAMTS13 to occur is near to the multimer center by 
examination of internal tensile force and A2 domain unfolding duration distributions along 
the multimer contour. 
3.2 Simulation Information 
 Coarse-grained Brownian dynamics simulations were performed using an 
experimentally parameterized coarse-grained model of vWF for non-grafted multimers in 
a simple one-dimensional bulk shearing flow, where the flow acts in the x-direction and 
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shearing occurs in the z-direction.  Simulations began by initializing a vWF multimer of 
given length, where beads were placed either 4 or 5 dimensionless units apart depending 
on the connecting spring.  Multimer elongation relaxation time, τ, is based on the time 
required for an elongated chain to return to a globule75,99,100, which increases with length 
and was determined previously34.  Data were collected for 30τ, after the first τ was 
discarded to ensure no transient effects were considered in the averaged data.  Results for 
a single simulation are averaged over 24 non-interacting chains, each of which possessed 
a unique random initial conformation and dynamic seed (for simulation).  Data collection 
occurred every 0.02τ, and the dimensionless time step chosen was ∆t = 10−4.  Seven 
different vWF multimers length ranging from 𝑁 = 20 − 160 beads were simulated, which 
represent proteins 10 − 80 monomers in length.  Note that this size multimer is in the 
physiological range of sizes observed for functional vWF in blood, for which the upper 
limit has been reported to be around 40 − 200 monomers12. 
The following parameter values were employed for the simulations discussed in 
chapter 3.  The bead radius used is 𝑎 = 10 𝑛𝑚.  The 12-6 Lennard-Jones potential has an 
energy parameter value of 𝜖 = 0.52 𝑘𝑏𝑇, and length parameter 𝜎 = 2𝑎 2
1/6⁄  that measures 
the center-to-center distance between beads.  The solvent viscosity employed is 𝜂 =
0.001 
𝑝𝑁𝜇𝑠
𝑛𝑚2
, and the temperature is 𝑇 = 300𝐾.  This chapter neglects a FENE spring 
equilibrium length.  The FENE spring constant is 𝐻 = 0.14 𝑝𝑁 𝑛𝑚⁄ , and the maximum 
extensible length is given by 𝑄𝑚𝑎𝑥 = 60 𝑛𝑚.  The harmonic spring constant employed 
is 𝑘 = 100
𝑘𝑏𝑇
𝑎2
, and the harmonic spring equilibrium length is 𝑄𝑒𝑞 = 21.5 𝑛𝑚.  This 
chapter neglects wall binding and wall repulsion forces.   
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3.3 Average Internal Tension 
Figure 2 illustrates ensemble average Radius of Gyration (Rg) as a function of 
Weissenberg number (Wi) for all considered multimer lengths.  Wi is defined as 𝑊𝑖 = 𝜏?̇?, 
where τ is the polymer relaxation time and ?̇?  is the fluid shear rate.  Rg increases with Wi, 
which becomes more pronounced past 𝑊𝑖 = 1.  Shorter chain lengths exhibit a gradual 
increase in Rg that is characteristic of coiled polymer elongation transitions, whereas 
longer chain lengths exhibit more dramatic increases in Rg that are indicative of the flow 
response for collapsed polymers – the behavior of coiled and collapsed polymers has been 
well characterized by prior authors81,101.  We can semi-quantitatively delineate the 
elongation behavior of shorter and longer chains upon the introduction of shear flow.  
Based on Figure 2, it appears that chains of length 𝑀 <̃ 40 behave more like coiled 
polymers under the influence of shearing, whereas longer multimers exhibit collapsed 
polymer behavior.  Other authors have also observed the dependence of Rg growth on 
chain length80,81.  For reasons revealed in a later discussion, we are primarily concerned 
with the dynamics of already unraveled or partially unraveled polymers in this work, which 
requires us to granulate simulation results according to the degree of polymeric elongation.  
This granulation reveals that the shape of the internal tensile force distribution does not 
depend on the coiled or collapsed nature of the polymer, but rather on the relative 
elongation attained by the polymer.  Accordingly, the selected value of 𝜖 is sufficient for 
determining the internal tensile forces of unraveled polymers using the granulation 
techniques herein considered. 
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Figure 2: Dimensionless ensemble average radius of gyration for several vWF multimer 
lengths as a function of Weissenberg number.  Line segments connecting individual datum 
indicate multimers behaving in a collapsed (solid segments) or coiled (dashed segments) 
manner.  𝑅𝑔 is normalized by √𝑘𝑏𝑇/𝐻. 
Internal properties of vWF must be examined in order to understand its role in 
physiological processes.  One such property is the internal tensile force in the A2 domain 
represented FENE springs.  Figure 3 illustrates ensemble average internal tensile force as 
a function of multimer length for various shear rates.  Our interest in this work is to extend 
simulation considerations to in vivo conditions, accordingly we will hereafter present shear 
rates in dimensional units.  Further, the magnitudes of the specific shear rates are obviously 
large and will be addressed later.  Three different trends are illustrated in Figure 3 that 
depend on the shearing strength.  Tension is essentially uniform at zero flow and for the 
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smallest shear rate illustrated, but actually, a very small, but statistically significant, 
monotonic decrease in force with increasing length is present.  This is because 
macromolecular cohesion increases with multimer length due to increased Lennard-Jones 
attraction forces among beads, which increases the affinity for globule formation 80,81.  For 
moderate shearing, force initially increases with length because drag forces exerted by the 
flow also increase, which must be internally balanced.  However, internal tensile force 
stops monotonically increasing when multimer length becomes sufficiently long such that 
polymers become collapsed, at 𝑀 =̃ 40.  In other words, as multimer length increases so 
do hydrodynamic shielding and macromolecular cohesion that offer resistance to the 
unraveling tendencies of shear flow.  For the largest shear rate illustrated in Figure 3, 
shearing and hydrodynamic forces are so large that internal tensile force monotonically 
increases for all considered multimer lengths. 
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Figure 3: Dimensionless ensemble average internal tensile force within A2 domain 
represented FENE springs as a function of multimer length for several shear rates.  Force 
is normalized by √𝑘𝑏𝑇𝐻. 
3.4 Tension Distribution Dependency on Macromolecular Conformation 
It is peculiar that ensemble average internal tensile force decreases with increasing 
chain length.  This occurs after a certain length for most shear rates illustrated in Figure 3.  
In fact, this result opposes what we intuitively expect to occur – that is, internal tensile 
force should monotonically increase with length due to elevated drag forces acting upon 
longer multimers that must be internally balanced.  This is essential in the case of A2 
domain unfolding because it is thought that internal tensile force is the activating 
mechanism and occurs around 11pN23.  Trends in Figure 3 wrongly suggest that longer 
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chains are less likely to be cleaved, which is known to be false because ultra large vWF 
undergoes immediate scission upon secretion into the vasculature because of its length12,19.  
However, the subtlety easily missed is that Figure 3 illustrates the ensemble average 
internal force, which has been computed over all chain configurations during a simulation.  
In order to make sense of the trends in Figure 3, we must examine the distribution of 
internal tensile force along the multimer contour. 
Data in Figure 4A represent average internal tensile force distributions at various 
stages of the macromolecular unraveling process for fixed multimer length and shear rate.  
At each data collection step for a given ensemble, molecules were binned according to the 
maximum distance between any two beads at that instant.  Each bin represents 10% of the 
end-to-end distance for the perfectly aligned and relaxed multimer of corresponding length.  
The bottom distribution corresponds to all conformations throughout a simulation for 
which the maximum bead-bead separation distances are less than or equal to 10% of the 
perfectly aligned and relaxed chain length.  Subsequent distributions represent the average 
only for conformations in the corresponding bin (10% - 20%, etc).  The top curve represents 
conformations with the largest observed bead-bead separation distances, which were 
between 140% – 150% of the perfectly aligned and relaxed length. 
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Figure 4: Dimensionless average internal tensile force distributions along the contour of a 
vWF multimer of length 𝑁 = 80 (40-mer) at a shear rate of ?̇? = 5.0 ∙ 105 𝑠−1.  Increasing 
curves represent internal force distributions at various stages of the macromolecular 
unraveling process for (A) the entire process, (B) unraveled conformations, and (C) 
globular conformations.  Force is normalized by √𝑘𝑏𝑇𝐻. 
Figure 4A exhibits two types of force distributions – associated with globular and 
unraveled macromolecular conformations.  Similar to what other authors have reported, 
internal tensile force distributions for globular conformations exhibit a double-peak 
structure, where the peaks are located near the chain termini30,31.  The unraveling process 
is rendered in Figure 4, and usually begins when a multimer end escapes from the globule 
(i.e. a protrusion nucleates)30,31,80,81.  Internal force increases in the protruding strand 
because it is no longer protected from flow by hydrodynamic shielding.  As 
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macromolecular unraveling continues, force increases at the double-peak structures and the 
peaks move nearer to the multimer center – indicating longer protrusions from the globule.  
Internal force distributions for globules of increasing protruding strand length are 
illustrated in Figure 4C.  Eventually, the hydrodynamic force on the protrusions becomes 
so large that the globule unravels, and the double-peak structures merge into one peak 
located at the multimer center.  This characterizes the internal tensile force distribution for 
unraveled vWF, and by inspection of Figure 4A and Figure 4B, the shape is roughly 
proportional to the square of length. 
Figure 4A illustrates force distributions for the complete unraveling process, and 
they have been delineated according to macromolecular conformation in the adjacent 
subfigures.  Figure 4B and Figure 4C illustrate the ensemble average internal force 
distributions for unraveled and globular conformations, respectively.  Note that force 
distributions in Figure 4 are ensemble averages over all simulation data.  The transition 
from a globular to unraveled conformation occurs when the internal tensile force 
distribution changes from a double-peaked structure to parabolic.  For all chain lengths 
herein considered, this transition occurred when the maximum distance between any two 
comprising beads was ~60% of the end-to-end distance for the perfectly aligned and 
relaxed multimer of the corresponding length.  Determining this transition percentage for 
smaller shear rates becomes challenged by the rare event nature of both molecular and 
domain unfolding, along with the concomitant lack of data on unfolded conformations. 
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Figure 5: A vWF chain of length 𝑁 = 50 beads (25-mer) at various stages of the 
macromolecular unraveling process102.  A monomer is represented by two beads, one black 
and one white, connected by a red FENE spring.  Short, stiff harmonic springs connect 
beads of like color.  They represent strong inter-disulfide bonds connecting adjacent 
monomers in a head-to-head and tail-to-tail formation.  Individual monomers are well 
shielded from flow in compact globular conformations.  Macromolecular unraveling 
usually begins at the multimer termini in bulk flow.  Note that the centermost A2 domain 
represented FENE springs are significantly unfolded in the fully unraveled conformation, 
whereas springs near the base of the longest protruding strand are only slightly stretched. 
Returning to the dilemma posed in the discussion of Figure 3, we wish to address 
why ensemble average force decreases with increasing length for certain chain lengths and 
shear rates. From Figure 4, we observed that two distinct types of force distributions exist 
during the unraveling process, corresponding to globular and unraveled conformations.  
Further, we learned that this transition occurs for extensions that are ~60% of the 
maximum but relaxed end-to-end length.  It is natural then to further granulate simulation 
results according to these two conformations, illustrated in Figure 6 and Figure 7.  Note 
that force distributions presented in the remainder of sub-section 3.4 were obtained from 
one of two possible simulation data subsets comprised entirely of either globular or 
unraveled conformation data, and they are not reflective of an ensemble average over all 
data. 
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Figure 6: Dimensionless average internal tensile force distributions for various multimer 
lengths at a shear rate ?̇? = 3.5 ∙ 105 𝑠−1 as a function of monomer position for (top) 
unraveled and (bottom) globular conformations only, respectively.  Force is normalized 
by √𝑘𝑏𝑇𝐻. 
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Figure 7: Dimensionless average internal tensile force distributions for a multimer of length 
𝑁 = 80 (40-mer) as a function of monomer position at several shear rates for (top) 
unraveled and (bottom) globular conformations only, respectively.  Force is normalized 
by √𝑘𝑏𝑇𝐻. 
Figure 6 illustrates internal tensile force distributions along the multimer contour 
at a shear rate ?̇? = 3.5 ∙ 105 𝑠−1 for unraveled and globular conformations only, 
respectively.  A multimer was considered unraveled (or globular) if the largest bead-bead 
separation distance was at least (or at most) 60% of the end-to-end distance for the 
corresponding perfectly aligned and relaxed length.  Figure 6 shows that further granulation 
of force data according to macromolecular conformation yielded the anticipated trends 
between force and chain length – that is, internal tensile force monotonically increases with 
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length.  Therefore, the local internal tensile force distribution is heavily dependent upon 
macromolecular configuration.  Figure 6 shows that internal tensile force monotonically 
increases with chain length only when hydrodynamic forces are actively unraveling the 
multimer.   
Internal tensile force magnitudes are much smaller for globules than unraveled 
conformations due to hydrodynamic shielding.  Figure 7 illustrates internal tensile force 
distributions for a vWF chain of length M = 40 at several shear rates for unraveled and 
globular conformations only, respectively.  For small shear rates, globular conformation 
force distributions are nearly homogeneous.  The drastic differences in force magnitudes 
between globular and elongated conformations, illustrated in Figure 6 and Figure 7, 
indicate that ensemble average data in Figure 3 are dominated by contributions from 
globular configurations (i.e. chains are globular more often than not).  However, force 
monotonically increases with chain length for the largest shear rate considered in Figure 3, 
which indicates A2 domain unfolding frequency has increased sufficiently that the 
ensemble averages become dominated by unraveled configuration contributions.   
Radtke et al. defined the maximal peak force for chains exhibiting a double-peak 
force distribution to be the average of the two peak values, which they found to increase 
monotonically for a chain comprised of 50 beads according to the heuristic scaling 
𝑓𝑝 ~ ?̇?
1.6 31.  Following the same approach, we find that our heuristic maximal peak force 
scaling exponent varies between 1.5 − 1.8 for all chain lengths herein considered.  
Additionally, Radtke et al. reported that the average force value along the entire chain 
scales as 𝑓𝑚𝑒𝑎𝑛 ~ ?̇?
1.8.  Our chain-averaged forces for globular conformations only follow 
a heuristic scaling with exponents between 1.4 − 1.9 for all chain lengths.  However, it 
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must be noted that the prior authors did not discriminate data based on macromolecular 
conformation as we have done.  Further, we compare our average force scaling for globular 
conformations only to their ensemble average scaling because they employed a Lennard-
Jones epsilon parameter of 𝜖 = 2.0, whereas we have chosen 𝜖 = 0.52, causing their 
ensemble average to be dominated by globular conformations.  
3.5 Internal Tension and A2 Domain Unfolding 
In order to examine A2 domain kinetics, we define an A2 domain unfolding event 
as any force excursion past 11 𝑝𝑁 for some duration of time; we will discuss the durations 
of force excursions later.  Unraveled conformations attain much higher internal tensile 
forces in flow, which suggests they are more likely to facilitate A2 domain unfolding than 
globules.  Further, the shape of the distribution suggests that unraveled vWF chains are 
most susceptible to cleavage by ADAMTS13 at the multimer center, where internal force 
is greatest and the potential of A2 domain unfolding is highest.  In that case, molecular 
scission favors a fractal-like behavior and may offer some explanation to the discrete and 
exponential size distribution exhibited by in vivo vWF concentrations20.  Radtke et al. 
advanced that it might be possible for cleavage to occur at sites of maximal tensile force; 
however they also pointed out that it remained unclear to what extent the distribution of 
force influenced the cleavage process31. 
The high shear rates explored here bear discussion.  Our monomer model uses two 
beads, each representing a collection of domains on either side of the A2 domain; the size 
of these beads is based on the experimentally observed size of vWF monomers103,104.  As 
a result, the value of bead radius employed here (𝑎 = 10 𝑛𝑚) is much lower than what has 
been used by a number of prior authors who described the vWF monomer or dimer with a 
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single bead (𝑎 = 30 to 250 𝑛𝑚)30,31,49,84,105.  This means hydrodynamic force applied on 
beads at a given shear rate will also be much lower.  Further, the FENE spring used to 
represent the A2 domain has no size with regard to hydrodynamic interactions – that is, we 
neglect hydrodynamic drag acting on the A2 domain that tethers two beads and do not 
consider it when computing hydrodynamic interactions.  This force is negligible for large 
bead radii, but becomes more relevant for the size of bead considered here, especially when 
the A2 domain begins to elongate.  Perhaps the most notable fact is that we desire to 
observe what - in physiological blood flow regimes - should be a rare event.  That is, many 
prior authors have advanced that the rate-limiting step for vWF scission by ADAMTS13 
is the unfolding of an A2 domain30,31.  The concentration of the enzyme and the 
corresponding diffusion time (and reaction time) are considered secondary to the unfolding 
event.  As such, it has been previously advanced by various groups that A2 domain 
unfolding should be associated with a scission event.  Even for ultra-large vWF molecules 
secreted into blood, it takes time scales of order minutes to hours for the molecular size 
distribution to be reduced to physiological functional ranges12; thus, unfolding events - 
even for such large molecules - happen at a relatively low frequency.  For vWF molecules 
in the functional size range, it is expected that A2 domain unfolding (and concomitant 
scission) is very rare in typical blood flow.  The total duration of the longest simulations 
presented here is 27.2 𝑚𝑠; furthermore, our largest multimers studied are still well below 
what is believed to be the upper limit for the functional size range.  Thus, for physiological 
flow rates, we expect our model to exhibit zero significant force excursions over the 
duration of the simulation.  Instead, we seek to observe many such events so that we can 
build a statistical description of them.  Studying very large molecules or significantly 
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longer simulation durations is computationally intractable; thus, we instead increase the 
driving force for unfolding (i.e. the shear rate) to ranges where many force excursion events 
can be observed, even for the smallest chains studied here.  In discussing results below, the 
influence of the high shear rates on observations made is further addressed. 
We wish to use our vWF model to examine the chain length dependence of the 
shear rates required to induce A2 domain unfolding in the bulk.  We previously stated that 
A2 domain unfolding is most likely to occur for unraveled multimers near to the chain 
center.  This is what we were referring to earlier in the discussion of Figure 2 when we said 
that our primary concern in this work is with unraveled or partially unraveled multimers.  
Accordingly, the analyses performed in sub-section 3.4 makes use of a subset of all 
simulation data, which corresponds to chains with unraveled macromolecular 
conformations only.  Since we have explicitly modeled the A2 domain as a FENE spring, 
we can directly examine A2 domain unfolding kinetics.  Zhang et al determined the A2 
domain unfolds at an internal tensile force around 11 𝑝𝑁, which corresponds to the 
dimensionless FENE spring force of 14.323.  We consider an A2 domain represented FENE 
spring to be unfolded and susceptible to scission by ADAMTS13 for FENE forces greater 
than or equal to this threshold value. 
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Figure 8: Normalized average peak internal tensile force for unraveled conformations as a 
function of shear rate for several multimer lengths.  Peak force is normalized by the 
experimentally reported dimensionless threshold A2 domain unfolding force 
corresponding to 11 𝑝𝑁 23.  The black curves indicate the heuristic linear scaling of average 
peak force for unraveled conformations only with shear rate, 𝑓𝑝 ~ ?̇?, for all multimer 
lengths. 
Figure 8 illustrates average peak internal tensile force for unraveled conformations 
as a function of shear rate for all considered chain lengths.  Data for a given ensemble were 
obtained by first computing the maximum internal tensile force in any A2 domain 
represented FENE spring along the multimer contour at each data collection step, then we 
computed the average value only for chains in unraveled conformations.  A chain was 
considered unraveled if the largest bead-bead separation distance was at least 60% of the 
end-to-end distance for the perfectly aligned and relaxed multimer of corresponding length.  
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Next, we normalized the average peak force value by the dimensionless threshold 
unfolding force of 14.3, which corresponds to 11 𝑝𝑁.  We repeated this procedure for all 
chain lengths and shear rates and plotted the resulting averages.  Average peak force data 
for unraveled conformations only in Figure 8 were well fit by a heuristic linear 
scaling, 𝑓𝑝 ~ ?̇?, for all chain lengths, although the shortest chain lengths considered exhibit 
some positive deviation from linearity.  The chain-averaged FENE force for unraveled 
conformations only also heuristically scales as 𝑓𝑚𝑒𝑎𝑛 ~ ?̇? (not shown).  However, the 
ensemble average force (illustrated in Figure 3) does not because of the varying frequencies 
of A2 domain unfolding and macromolecular unraveling among chain lengths, which is 
further addressed in the sub-section 3.6. 
Internal force distributions illustrated in Figure 6 and Figure 7 indicate that peak 
force values in Figure 8 correspond, on average, to the force present at the multimer center 
of unraveled chains, which is where vWF is most susceptible to cleavage by ADAMTS13 
based on force induced A2 domain unfolding.  Employing the macromolecular extension 
threshold criteria is justified because A2 domain unfolding occurs very infrequently, or not 
at all, for globules because they lack the internal force required to unfold the A2 domain 
due to shielding and cohesion effects.  This phenomenon prevents excessive scission of 
vWF in the physical system.  Further, the specific value of 60% is uniform among the 
considered chain lengths as the extension threshold for which globules transition into 
unraveled conformations, as discussed previously in regards to Figure 4.  The normalized 
value of one indicates that, on average, the centermost A2 domain is unfolded due to 
sufficient internal tensile force at the corresponding shear rate, and it is therefore 
42 
 
susceptible to cleavage by ADAMTS13.  We used the curve fittings to extrapolate or 
interpolate the normalized force value of one to obtain the corresponding shear rate. 
 
Figure 9: Threshold shear rates that enable A2 domain unfolding for at least the centermost 
monomer as a function of multimer length, as predicted by our analysis (see text).  Three 
data sets and curve fits are shown that represent the threshold A2 domain unfolding forces 
of 𝐹𝑈𝑁 = 7, 11, and 15 𝑝𝑁.  Curve fits on the primary axes indicate threshold shear rate 
nearly depends on the inverse of chain length ?̇?~ 1 𝑁𝑎⁄ , where the exponents are close to 
unity for all values of 𝐹𝑈𝑁.  The curve fittings in the subfigure validate this inverse relation 
by showing a linear dependence of threshold shear rate on the inverse of chain length. 
The middle data set and accompanying curve fit in Figure 9 illustrate the shear rates 
corresponding to normalized force values of unity obtained from the curve fittings 
illustrated in Figure 8 as a function of chain length.  The curves in Figure 9 relate multimer 
length to the critical shear rate required to unfold at least the centermost A2 domain 
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represented FENE spring for an unraveled vWF chain.  It has been assumed here that, if a 
single A2 domain (i.e. one that is experiencing the peak force near the center of an 
unraveled molecule) is subject to a force of 11 𝑝𝑁, then it will unfold.  Experimentally 
however, unfolding was observed over a distribution of pulling forces that depended upon 
pulling rate; authors reported the most likely unfolding force for each pull rate, with values 
ranging from 𝐹𝑈𝑁 = 7 𝑝𝑁 to 15 𝑝𝑁 
23.  Obviously, unfolding is a complex molecular 
process that cannot be associated with a single force value; furthermore, it is unknown if 
unfolding in vivo differs from in the experimental environment.  Given the complexity of 
the dependence of unfolding on applied force, for the analysis here, we have illustrated the 
dependency for the reported most likely unfolding force of 11 𝑝𝑁 as well as the boundary 
values of experimental unfolding events of 7 𝑝𝑁 and 15 𝑝𝑁. 
The dependencies in Figure 9 are well fit by a power law, ?̃̇? ~ 1 𝑁𝛼⁄ , and the 
exponents corresponding to 𝐹𝑈𝑁 = 7, 11, and 15 𝑝𝑁 are 𝛼 = 1.23, 1.19, and 1.18, 
respectively.  The subfigure shows a linear dependence of the same threshold shear rate 
data on the inverse of multimer length, ?̃̇? ~ 𝑁−1.  We have assumed that A2 domain 
unfolding is a flow-activated process, and observed that the threshold shear rate required 
to induce A2 domain unfolding inversely depends on multimer length, which is very 
similar to what a recent experimental work reported concerning another closely related 
flow-activated process for the A1 domain of vWF.  Fu et al. studied flow-induced 
activation of the A1 domain, which enables binding to platelet GPIbα35.  In that work, it 
was the assumption that A1 activation occurs at a threshold fluid shear stress.  However, 
they showed that it is not shear stress that activates the A1 domain, but rather a threshold 
internal tensile force.  They illustrated the dependence of shear stress (𝜎) on A1 domain 
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activation as a function of chain length (𝑀), which was well fit by 𝜎 = 1 𝑀⁄ .  The 
dependence characterizing this closely related flow-activated process is very similar to 
what we report for A2 domain unfolding in Figure 9.  Those authors offer strong support 
that a constant internal tensile force induces A1 domain activation, which is what we have 
assumed in this work for A2 domain activation.  Accordingly, the trends we observe are in 
good agreement with experimental findings. 
Extrapolation of the middle curve in Figure 9 to physiological shear rates yields the 
multimer length for which A2 domain unfolding will, on average, readily occur in the bulk.  
At the physiological shear rate ?̇? = 5,000 𝑠−1, the relation predicts that a vWF multimer 
comprised of ~ 2,000 monomers would be readily cleaved for the unfolding threshold 
force of 11 𝑝𝑁.  Other authors have made connection between simulation results and shear-
induced vWF-related phenomenon by specification of a single physiological shear rate 31,49.  
It is important to make clear the distinction between macromolecular unraveling events 
examined by others and intra-monomer FENE spring force excursion events that we 
associate with A2 domain unfolding here.  Figure 2 clearly demonstrates that our model 
yields the proper macromolecular behavior with increasing shear, because growth in Rg 
(i.e. globule-stretch transition) begins around the Wi of unity for all multimer lengths.  The 
large shear rates required to induce A2 domain unfolding may suggest that cleavage rarely 
occurs in the bulk 106 – perhaps A2 domain unfolding and subsequent scission occur more 
readily upon interaction with a surface or ancillary particle.  In fact, other authors have 
shown that tethered vWF are much more susceptible to cleavage by ADAMTS1335.  
Further, flow in the physical system is much more complex than a simple shear, and 
involves elongation that is much more effective at unfolding the A2 domain107.   
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3.6 A2 Domain Unfolding Analysis 
Physiological vWF is subject to complex flow conditions that unravel the multimer 
(i.e. initiate the globule-stretch transition) and subsequently apply hydrodynamic force on 
the exposed A2 domain.  The connection of A2 domain kinetics to our simulation model 
and results is made by defining an A2 domain unfolding event by any force excursion past 
the prescribed threshold unfolding force of 11 𝑝𝑁.  The general assumption is that A2 
domain unfolding is an activated process where transition from the folded to unfolded state 
is separated by a transition state energy barrier, which is lowered by the application of an 
external force.  Unfolding events expose the hidden cleavage site and make the individual 
vWF monomer susceptible to scission.  We can directly examine A2 domain unfolding 
probabilities, locations, and durations because we have explicitly considered the A2 
domain in our monomer model. 
The probability of an A2 domain to be unfolded and susceptible to cleavage can be 
described by: 
𝑃 = 𝑃𝑜exp (
−∆𝐸+𝐹∆𝑥
𝑘𝑏𝑇
)           (10) 
Others have examined hydrodynamic force-induced activation of collapsed 
biopolymers and the connection to the enzymatic cleavage of vWF by ADAMTS1330,31.  
Like these authors, it is assumed that A2 domain unfolding is the rate-limiting step in the 
scission of vWF by ADAMTS13 (i.e. that enzyme diffusion to the unfolded domain and 
the subsequent reaction are guaranteed).  Accordingly, the frequency of A2 domain 
unfolding is given by 𝑘 = 𝑘0exp (
−∆𝐸+𝐹∆𝑥
𝑘𝑏𝑇
).  In this sub-section, we analyze A2 domain 
unfolding probability, but we could have presented unfolding frequency instead.  Note that 
46 
 
we use the above mathematical model to aid in explanation of the below results, and not to 
calculate A2 domain unfolding probabilities.  Instead, we determine A2 domain unfolding 
kinetics by simulating vWF in bulk shear flow and explicitly examine individual A2 
domain represented FENE springs.  We directly computed the probability of A2 domain 
unfolding by tallying the number of unfolded A2 domains (i.e. FENE spring force 
excursions past 11 𝑝𝑁) at each data collection step throughout the entire simulation for the 
24-chain ensemble, then we normalized this quantity by the total number of possible 
unfolding events for all time, chains, and FENE springs. 
 
Figure 10: Probability of A2 domain unfolding as a function of shear rate for all considered 
multimer lengths (solid lines are not curve fits). 
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The dependence of A2 domain unfolding probability on shear rate qualitatively 
exhibits exponential-like growth with increasing shear rate described by equation (10), 
because shearing provides the externally applied force required to lower the transition state 
energy barrier.  Other authors examined vWF cleavage rates, which is effectively 
equivalent to A2 domain unfolding probability (in Figure 10) in light of the assumption 
that it is the rate limiting step.  Lippok et al. described their experimental vWF cleavage 
data by a phenomenological sigmoidal function of shear rate, and Radtke et al. prescribed 
this same dependence in their model for stochastic cleavage site opening, which is based 
on a theoretical two-state protein unfolding kinetics model30,31.   
Another method of varying the applied force is by examining various chain lengths at a 
sufficiently high but fixed shear rate.  Force applied on a multimer by the fluid due to 
shearing at a fixed rate increases with multimer length because longer multimers have more 
drag forces acting upon them that must be internally balanced. 
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Figure 11: Probability of A2 domain unfolding as a function of bead number for several 
fixed shear rates. 
Figure 11 illustrates the probability of A2 domain unfolding as a function of bead 
number for several fixed shear rates.  Interestingly, A2 domain unfolding probability does 
not vary according to what we assumed in equation (9), but rather exhibits a sigmodal 
behavior akin to what other authors have reported: 
𝑃 =
𝑃0
(1+𝑒
−(𝑁−𝑁1/2)/Δ𝑁)
           (11) 
𝑁1/2, Δ𝑁, and 𝑃0 are fitting parameters, where 𝑁1/2 represents the number of beads 
comprising a multimer for which the average probability of A2 domain unfolding is half 
of the maximum probability possible for the corresponding shear rate, 𝑃0.  A2 unfolding 
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probability monotonically increases with bead number.  The probability increase is sharp 
for small chains lengths (𝑁 < 80), but increases more gradually for longer chain lengths 
(𝑁 > 80) and quickly plateaus. Longer multimers are able to resist the unravelling 
tendencies of shear flow because of increased HI shielding and macromolecular cohesive 
force.  Hydrodynamic interactions induce shielding effects that mitigate the shearing force 
for downstream beads, which become increasingly dominant with chain length.  Many 
additional pairwise additive Lennard-Jones attraction forces increase the multimers affinity 
for globule formation, where A2 domains are unlikely to unfold (see Figure 4, Figure 6, 
and Figure 7).  Clearly, vWF multimer length effects play a large role in determining A2 
domain unfolding kinetics.   
The force response behavior of A2 unfolding probability can be delineated 
according to introduction of external force by shearing or chain length variation.  This A2 
domain unfolding behavior appears to increase exponentially with shear rate and 
sigmoidally with multimer length.  Explicitly modeling the A2 domain has allowed us to 
directly examine vWF A2 domain unfolding kinetics without enforcing any probabilistic 
conditions regarding the susceptibility of the cleavage site to ADAMTS13.  A2 domain 
unfolding probability data in Figure 10, Figure 11, Figure 12 does not discriminate 
according to the globular or unraveled state of the multimer, as we did for the force analysis 
discussed earlier. 
It becomes difficult to explain the reported upper limit of in vivo vWF in light of 
the sigmodal dependence of A2 domain unfolding probability on multimer length, because 
multimers past a certain length are equally probable to have A2 domains transition from 
the folded to unfolded state.  Accordingly, we assert that force excursions alone cannot be 
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used as a hallmark for an unfolding event.  This is supported by experimental data for 
pulling on vWF monomers where a rate effect has been observed for the most likely 
unfolding force23.  Specifically, experiments have demonstrated that, for slower pull rates, 
A2 domains unfold, on average, at a lower pulling force.  Furthermore, by applying pulling 
force at a relatively low magnitude and holding at that steady force for increasing time, 
experiments have shown that healthy, folded A2 domains will eventually unfold23.  These 
observations indicate that it is not a force excursion alone that one should examine, but 
also the duration of the force excursions as well as the distribution of durations along the 
multimer. 
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Figure 12: Probability of various A2 domain unfolding durations as a function of monomer 
position for a multimer of length N=80 (40-mer) at a shear rate of ?̇? = 5 ∙ 105 𝑠−1.  
Probabilities presented are per unit 𝜏. 
Figure 12 illustrates the distribution of unfolding event durations for a multimer 
comprised of 80 beads (40-mer) subject to a shear rate of  ?̇? = 5 ⋅ 105 𝑠−1.  We simulated 
an ensemble of 24 non-interacting chains for thirty times longer than their relaxation time, 
𝜏, and results presented in Figure 12 are per unit 𝜏.  The duration of unfolding events range 
from as little as one time step (~6.6 ∙ 10−4 𝜇𝑠) to over one half-million time steps 
(~66 𝜇𝑠).  We can see from Figure 12 that the outermost ends of vWF multimers do not 
exhibit force excursions large enough to be considered for A2 domain unfolding; these end 
regions comprise 25% of the total contour length.  The middle 75% of the multimer contour 
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facilitates A2 domain unfolding, and the frequency of such events quickly decays with 
increasing unfolding duration.  Examination of significant force excursion duration 
distributions in Figure 12 suggests that A2 domains preferentially unfold near the multimer 
center, which is associated with A2 domain proteolysis. 
3.7 Conclusions: 
Brownian molecular dynamics simulations were performed including 
hydrodynamic interactions to characterize the biomechanical response of vWF in bulk 
shear flow conditions.  We explicitly modeled the A2 domain as a FENE spring, which we 
parameterized according to experimentally obtained A2 domain unfolding data.  By 
granulating simulation results according to macromolecular conformation, it was observed 
that force monotonically increases with chain length only when shearing is actively 
unraveling the chain – this is not so for the ensemble average force.  We suggest that A2 
domain unfolding is most likely to occur for multimers that are unraveled or in the process 
of unraveling.  Further, these multimers appear to be most susceptible to scission near the 
multimer center, where internal tensile force is highest.  We exploited our explicit A2 
domain model and directly assessed the susceptibility to scission for individual monomers 
based on FENE spring force excursions past the reported most probable A2 domain 
unfolding force of 11 𝑝𝑁23.  From there, we observed that the shear rate required to induce 
A2 domain unfolding is inversely proportional to multimer length.  Lastly, we examined 
A2 domain unfolding probability, which increases exponentially with shear rate and 
sigmoidally with multimer length.  It will be of interest to our future work to determine 
how predictions made here change if one instead employs a model A2 domain that exhibits 
a finite minimum force for extension in association with an activated domain unfolding 
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process as well as sliding effects of the folded domain structure.  Our results help elucidate 
the internal force mechanisms at play in the platelet binding and scission processes unique 
to vWF.  This further illustrates the power of increasing coarse-grained model complexity 
and capabilities – as motivated by experimental observations  The results presented in this 
work can be found in a previous publication108. 
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Chapter 4: Prediction of Sub-Monomer A2 Domain Dynamics 
of the von Willebrand Factor by Machine Learning Algorithm 
and Coarse-Grained Molecular Dynamics Simulation 
4.1 Overview 
In this study, we utilize the RFA to develop a tool capable of predicting the 
instantaneous A2 domain state based on macromolecular conformational feature 
information.  In doing so, we simultaneously characterize the essential macromolecular 
dynamics occurring in concert with A2 domain unfolding events by exploiting the nature 
of the RFA.  Further, we identify the most important macromolecular conformational 
features for the prediction of A2 domain state.  Results of coarse-grained Molecular 
Dynamics (MD) simulations of non-grafted vWF multimers subject to a shearing flow were 
used as input variables to a Random Forest Algorithm (RFA).  Twenty unique features 
characterizing macromolecular conformation information of vWF multimers were used for 
training the RFA.  The corresponding responses classify instantaneous A2 domain state as 
either folded or unfolded, and were directly taken from coarse-grained MD simulations.  
Three separate RFAs were trained using feature/response data of varying resolution, which 
provided deep insights into the highly correlated macromolecular dynamics occurring in 
concert with A2 domain unfolding events.  The algorithm is used to analyze results of 
simulation, but has been developed for use with experimental data as well. 
Hydrodynamic force induced A2 domain unfolding is an important aspect of vWF 
functionality.  Naturally, the ability to predict A2 domain dynamics would open the door 
to many possible scientific and medical advancements.  However, A2 domain unfolding is 
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made possible after macromolecular unravelling from a globular to a more unraveled 
conformation occurs, which subsequently exposes A2 domains to hydrodynamic loading.  
So, before any sort of predictions about the state of constituent A2 domains can be made, 
the dominant behaviors of the macromolecule occurring in tandem with A2 domain 
unfolding events must first be characterized.  The mechanism responsible for the initiation 
of macromolecular unraveling in the bulk has been well characterized by a recent 
protrusion nucleation theory80–82, and the characteristics of internal tensile force within 
sheared multimers has also been studied extensively31,83,108.  However, the large-scale 
behaviors and essential macromolecular dynamics of vWF multimers occurring in concert 
with A2 domain unfolding events is not fully understood. 
Characterization of conformational changes on multiple length scales presents 
numerous hurdles related to the nature of vWF dynamics, as well as their measurement 
techniques.  vWF is a flexible polymer that is capable of undergoing extreme 
conformational changes on multiple length scales in relatively short periods of time.  
Traditional methods of extracting the dominant motions from an ensemble of molecular 
conformations, such as correlation analyses by way of principle component analysis, 
Cartesian covariance matrices, distance-covariance matrices, or quasi-harmonic analyses, 
illuminate the “vibrational” motions of the polymer.  These methods are often useful for 
cases where the protein architecture is very structured and the collection of molecular 
conformations represent samples from short periods of time so that the variance is 
minimal109.  One technique extracts dominant conformational motions by means of a 
correlation analysis using contact matrices, which may be effective in examining the 
concerted dynamics of the macromolecule and individual A2 domains. 
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The Random Forest Algorithm (RFA) is a purely data-driven machine-learning tool 
frequently used to classify and predict system behavior in a wide variety of disiplines110,111.  
A recent RFA application to polymer physics identified that the weakest dihedral angle of 
a bulk polymer is the most influential molecular feature for determining polymer chain 
radius of gyration112.  Another study applied the RFA to account for molecular flexibility 
of proteins in order to achieve more accurate predictions of protein-protein associations 
using Monte-Carlo based simulation methods113. 
4.2 Random Forest Algorithm: Overview 
Machine learning encompasses a wide variety of algorithms capable of recognizing 
structures and patterns in a given dataset.  An accurate algorithm for a learning task depends 
on the biases within the dataset, as well as the type of features to be used as input variables 
(i.e. numerical or categorical).  One major bias is the availability of the true response label, 
which is the RFA output corresponding to the prescribed input features.  This type of bias 
describes what is called supervised machine learning.  The Random Forest Algorithm 
(RFA) is a tree-based method of supervised learning114.  The RFA is an aggregation of a 
large number of decision trees, where each tree is constructed from a bootstrapped sample 
over the original data.  A final decision made by the RFA, or prediction, is based on a 
majority-wins system among the ensemble of decision trees, where each tree casts one 
vote.  This process introduces a randomness that reduces issues related to overfitting data, 
and results in increased prediction performance on unseen datasets.  As opposed to many 
other methods, the RFA is capable of providing both an accurate prediction rule and an 
assessment for the relative importance of predictors115.  The latter makes this method more 
appealing for problems related to bioinformatics applications116,117.   
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An essential part of decision tree construction is the splitting criteria that determines 
features to be used in a hierarchal order.  In the current study, the Gini impurity criteria is 
used and is given by,  
∑ 𝑓𝑖(1 − 𝑓𝑖)
𝐶
𝑖=1   
where 𝐶 is the number of unique labels and 𝑓𝑖 is the frequency of label 𝑖 at a node.  
This criterion also enables the importance of each feature to be ranked based on decreased 
node impurity.  We implemented the RFA from the Scikit-learn module118. 
4.3 Random Forest Algorithm: Features and Responses 
In this study, we trained the RFA with a set of input variables obtained from data 
generated by coarse-grained MD simulations of vWF in shear flows.  These input variables 
are macromolecular conformational features listed in Table 1.  The training data set was 
comprised of 200,000 uncorrelated feature observations.  One-half of the data 
corresponded to polymeric conformations for which no A2 domains were unfolded, and 
the remaining half corresponded to chains for which at least one A2 domain was unfolded.  
70% of the total data were used for RFA training, and 30% were used for prediction testing 
as unseen data.  Three sets of input features/responses were used for separate trainings that 
depended upon resolution of the feature information: chain-level, 5-segment, and 10-
segment partition resolutions were used.  The chain-level resolution considered the entire 
chain as a single partition, so that features characterized conformational information for 
the entire multimer.  Additionally, the multimer was partitioned along its contour into 5 
and 10 segments of equal length (i.e. 20 and 10 beads per partition for the 5- and 10-
segment resolutions, respectively).  In these cases, features for all segments were used in 
RFA training, but input variables characterized macromolecular conformational 
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information for a single partition only.  In addition, the full set of Cartesian bead positions 
for the ensemble were also included as input features for all three resolution levels.  
However, ensemble bead positions were excluded from the partitioning process, so that 
each individual bead position component was included as an input feature to the RFA.  
Note that we have succinctly expressed the ensemble bead position features by three 
indices that represent the sum of the x-, y-, and z-components of all bead positions. 
The instantaneous A2 domain state was used as the response for training, which 
was either 1 or 0 for an unfolded or folded A2 domain, respectively.  A single response 
was given for the chain-level resolution, whereas 5 and 10 binary responses were used for 
the 5- and 10-segment resolution levels, respectively.  The physical model employed two 
beads and one FENE spring to describe the vWF monomer, so a partition within the 5-
segment resolution comprised of 20 beads had 10 connecting FENE springs capable of 
unfolding.  If any of the A2 domain represented FENE springs within a given partition 
were found to be unfolded, then the response assigned to this partition was 1.  If instead all 
constituent A2 domains were folded at an instant, then the response assigned to that 
partition was 0.  Results obtained from single-molecule pulling experiments found that the 
most likely unfolding force for the A2 domain is approximately 11 𝑝𝑁23, although A2 
domain unfolding events in experiment were observed over a range of force values between 
7 − 15 𝑝𝑁.  Accordingly, we define A2 domain unfolding to be any force excursion event 
of FENE spring tension past the experimentally-motivated value of 11 𝑝𝑁, which is in the 
middle of the range reported by experiment. 
We were motivated to examine three partition resolutions for a few reasons.  Firstly, 
we suspected that prediction performance of the RFA could be increased if 
59 
 
feature/response information was more finely resolved along the multimer contour, which 
encouraged us to partition the chain into many segments.  However, we desired to develop 
a procedure relevant to both simulation and experiment, which limited the number of 
possible partitions to avoid being devoid of experimental applicability.  Various regions of 
a polymer exhibit different fundamental behavior that is dependent upon their location 
along the chain contour, which we knew a priori.  Accordingly, we partitioned the multimer 
into numerous segments in an attempt to extract these position-dependent dynamics from 
within the data using the RFA.  Further, we desired to identify possible correlations in 
macromolecular behavior among these segments, which necessitated the RFA to 
distinguish features and responses from the various segments. 
The notion of position-dependent dynamics is well-illustrated by two examples: 
protrusion nucleation and hydrodynamic shielding.  Macromolecular unraveling is initiated 
when a small thermally-nucleated protrusion emerges from an otherwise globular 
multimer80–82.  The protrusion is subsequently exposed to hydrodynamic force, which may 
lead to complete macromolecular unraveling if the protrusion continues to elongate due to 
a sufficiently strong local flow field.  In the case of protrusion nucleation, the behavior at 
the multimer termini is what causes macromolecular unraveling, whereas the dynamical 
behavior near the multimer center is what follows in effect.  Another location dependent 
behavior is exemplified by shielding effects induced by hydrodynamic interactions among 
members of the chain.  Shielding effects describe a situation where one bead shields 
another so that the presence of one bead mitigates the hydrodynamic force felt by another.  
These hydrodynamic interactions are actually disturbance velocities propagated through 
the flow field due to the forced motion of beads119,120.  The effect of such disturbances 
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depends on the separation distance between the hydrodynamically interacting beads, and 
can manifest different behaviors along the mutlimer contour as a result. 
Conformational feature information listed in Table 1 is described below in more 
detail.  Each individual bead position component was given as input to the RFA.  However, 
we succinctly refer to these 300 features (3 spatial coordinates for each of the 100 beads 
comprising the multimer) by the sum of the x-, y-, and z-direction position components, 
given by indices 1-3.  For the remaining features listed in Table 1, one value was given as 
input to the RFA for each segment of the chain, which depends upon the resolution level 
(i.e. 5 and 10 values per feature for the 5- and 10-segment partition resolutions).  Velocity 
component features describe the center-of-mass velocity for a given partition.  The flow-
induced bead displacement is the center-of-mass displacement of a given partition purely 
due to the undisturbed velocity field acting on beads.  Maximum distance component 
features are defined by the maximum distance between any, but not necessarily the same, 
two beads in the x-, y-, and z-directions for a given partition.  The end-to-end distance is 
the distance between the first and last bead of a given partition.  Radii of gyration 
components define the spatial variance of bead positions for a given partition in the 
standard Cartesian system, or equivalently they measure the length of three radii that 
characterize the segment conformation using an ellipse oriented along the x-, y-, and z-
axes.  The spherical radius of gyration is similar, but measures the radius of a sphere that 
describes partition conformation.  The multimer variation fraction in the flow-direction 
measures the fraction of spatial variation exhibited by the partition that is in the flow 
direction.  It is defined by the flow-direction radius of gyration (that is the x-direction radius 
of gyration for the simple flow field herein considered) divided by the sum of the radii of 
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gyration in the x-, y-, and z-directions – it gives a measure of flow-induced variation 
relative to the total variation of spatial distribution for a given partition.  The local chain 
concentration, or density, gives a measure of local polymeric packing.  A threshold distance 
measured from the partition center-of-mass was prescribed, which was 50, 10, and 5 bead 
radii for the chain-level, 5-segment, and 10-segment partition resolutions, respectively.  
The ratio of threshold distance, measured in bead radii, to number of beads per partition is 
1 2⁄  for all resolution levels.  The local chain concentration is defined by the number of 
beads from any segment existing within this threshold distance from the partition center-
of-mass, normalized by the total number of beads in the ensemble.  Lastly, a principle 
component analysis was performed among the beads comprising a given partition, and 
three principle component vectors were obtained.  These vectors describe three orthogonal 
directions in Cartesian space that most completely capture the variation in the spatial 
distribution of partition members.  In other words, they point in the directions of space that 
the backbone of the polymer also points toward, and they are ordered in descending 
importance (i.e. the first principle component vector is the most informative).  Accordingly, 
the last three features listed in Table 1 indicate the projections of the three principle 
component vectors in the flow-direction, which is actually equal to the cosine of the angle 
between them since the PCA vectors and the flow-direction vector have unit magnitude. 
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Table 1: Input features used for random forest algorithm training. 
4.4 Simulation Information 
Coarse-grained Brownian dynamics simulations were performed using an 
experimentally parameterized coarse-grain model of vWF for non-grafted multimers in a 
simple one-dimensional bulk shearing flow, where the flow acts in the x-direction and 
shearing occurs in the z-direction.  Simulations began with vWF chains that were 
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previously initialized in compact globular conformations at zero shear.  In this chapter, 
vWF multimers comprised of 𝑁 = 100 beads were simulated, which represent proteins 50 
monomers in length.  Note that this size multimer is in the physiological range of sizes 
observed for functional vWF in blood, for which the upper limit has been reported to be 
around 40 − 200 monomers12.  20 non-interacting chains were considered in order to 
obtain sufficient statistical sampling, each of which possessed a unique initial conformation 
and random seed number (for simulation).  Both hydrodynamic interaction tensors were 
updated once every 1000 time steps (selection confirmed by convergence study).  Feature 
and response information were collected once every 5,000 time steps.  The time step 
employed was Δ𝑡 = 1.49 𝑛𝑠, and simulation durations were approximately 1.9 × 109 time 
steps or roughly 2.82 𝑠𝑒𝑐 total. 
The following parameter values were employed for the simulations discussed in 
chapter 4.  The bead radius used is 𝑎 = 15 𝑛𝑚.  The 12-6 Lennard-Jones potential has an 
energy parameter value of 𝜖 = 0.5 𝑘𝑏𝑇, and length parameter 𝜎 =  (2𝑎 + 1𝑛𝑚) (2
1/6)⁄  
that measures the center-to-center distance between beads.  The solvent viscosity employed 
is 𝜂 = 0.001 
𝑝𝑁𝜇𝑠
𝑛𝑚2
, and the temperature is 𝑇 = 310𝐾.  Both the FENE and harmonic 
springs have equilibrium lengths given by 𝑄𝑒𝑞 = 2𝑎 + 1𝑛𝑚, which measure the center-to-
center distance between beads.  The FENE spring constant is 𝐻 = 0.12 𝑝𝑁 𝑛𝑚⁄ , and the 
maximum extensible length is given by 𝑄𝑚𝑎𝑥 = 51.5 𝑛𝑚.  The overall length of a model 
VWF monomer at equilibrium is 61.0 𝑛𝑚, which includes a 1.0 𝑛𝑚 FENE spring 
equilibrium length and agrees with experimentally reported values ranging from 60 −
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70 𝑛𝑚12,19.  The harmonic spring constant employed is 𝑘 = 100
𝑘𝑏𝑇
𝑎2
.  Table 2 summarizes 
the parameters employed in chapter 4. 
 
Table 2: Model and simulation parameters employed for coarse-grained Brownian 
dynamics simulations, which generated data used as input to the Random Forest algorithm.  
All distances are measured from bead edges. 
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4.5 Prediction Performance 
 
Figure 13: Random Forest algorithm prediction performance is tabulated in the upper right 
sub-table for three feature/response partition resolutions considered: 10-segment, 5-
segment, and chain-level.  Column entries correspond to a single segment along the chain 
contour wherein features/responses are calculated.  Performance ranges between 0 and 1, 
where 1 indicates perfect predictive performance.  Two performance values are reported 
for each partition indicating correct prediction of (top) folded and (bottom) unfolded A2 
domains.  Below is a simulation snapshot of an unraveled vWF multimer in a shearing 
flow, where bead colors are used to delineate partition members.  An oversimplification of 
chain partitioning is shown by the cartoon schematic in the lower left corner.  Colors and 
numeric labels in the table, snapshot, and schematic are used to differentiate segments 
along the multimer contour for the 5-segment case, and are consistent throughout this study 
for all reported results and figures. 
Figure 13 tabulates the RFA prediction performance for determining the state of 
constituent A2 domains for three feature/response resolution levels.  Performance ranges 
between 0 and 1, where 1 indicates perfect predictive performance.  Two values are 
reported for algorithm performance that indicate correct prediction of (top) folded and 
(bottom) unfolded A2 domains.  Also illustrated in Figure 13 is a simulation snapshot of 
vWF in a bulk shearing flow102. 
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Correct prediction of folded A2 domains for the 5- and 10-segment resolutions is 
highly accurate at the multimer termini (~ 98% − 100%), and diminishes slightly nearer 
to the chain center (~ 96% − 97%).  The opposite trend is observed for correct prediction 
of unfolded A2 domains.  Partitioning with 10-segments yielded 7% and 10% accuracy in 
unfolded A2 domain predictions for the outermost segments.  This dramatically increased 
for their neighbors to 69% and 71%, and was maximal near the multimer center at 86% 
accuracy.  Prediction accuracy at the multimer center is nearly identical for both the 5- and 
10-segment resolutions (~ 86% − 87%).  However, unfolded A2 domain predictions in 
the outermost partitions for the 5-segment case exhibit tremendous improvement compared 
to the 10-segment case with 60% and 61% prediction accuracy.  Prediction performance 
at the chain-level resolution is high for folded and unfolded A2 domain states at 91% and 
94% accuracy, respectively.  The accuracy of predictions at the chain-level resolution are 
considerably high, but at a cost to knowledge of A2 domain state location along the 
multimer contour.  However, prior authors have advanced that unfolding of the A2 domain 
is the rate-limiting mechanism in vWF cleavage by the enzyme ADAMTS1330,31, and 
therefore any A2 unfolding event can be associated with subsequent cleavage of the vWF 
multimer.  In this case, a practitioner may only be concerned if A2 domain unfolding occurs 
whatsoever, and the location of the unfolded A2 domain(s) may be of less importance. 
Figure 13 illustrates the high accuracy of the RFA for predicting A2 domain state 
based on the macromolecular conformational feature information considered here.  Proof-
of-concept has been done using simulation-generated data, and is promising for the analysis 
of experimental data.  Clearly not all of the features considered in this work have 
experimental relevance however.  Nonetheless, some of the existing features can be 
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extracted from single-molecule flow experiments using fluorescence microscopy imaging, 
such as the local chain concentration, in-plane position, 2 of 3 principle component 
projections, end-to-end distance, and the x- and y-direction maximum separation distances.  
However, it may not be possible to calculate these feature values to arbitrary resolution 
(i.e. number of partitions), especially given that the theoretical limit of fluorescence 
microscopy imaging equipment is of order 200 nm and molecular diffusion can cause 
blurring during the image acquisition time.  Fu et al. analyzed fluorescence distributions 
along unraveled vWF multimer contours, and estimated the average extension per 
monomer with a resolution of tens of nanometers35.  Molecular tension sensors with single 
piconewton sensitivity have been developed for use in living cells by fluorescence force 
spectroscopy121,122.  Scanning angle interface microscopy permits for the measurement of 
molecular height in the direction normal to the scanning plane, and can determine the 
inclination of unraveled surface-bound polymer chains relative to the shearing lamina with 
nanometer resolution123.  Finally, A2 domain state can be probed using a fluorescent 
molecular tag capable of specifically binding to the scissile bond site within the A2 domain 
structure.  Theoretically, a series of microfluidic flow experiments using fluorescence 
microscopy imaging techniques could be devised that estimate A2 domain state and the 
values of predetermined features characterizing flow-induced conformational changes and 
internal stresses, which occur on length scales as little as tens of nanometers and as large 
as ten microns.  This feature/response data could be analyzed using a RFA to better 
understand the configurational landscape of the macromolecule associated with sub-
monomer A2 domain unfolding events, and in theory, make predictions about such multi-
scale behaviors. 
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The low prediction accuracy for unfolded A2 domains in the outermost partitions, 
shown in Figure 13, bears further discussion.  Non-grafted linear polymer chains immersed 
in a homogenous flow are subject to external frictional forces that must be internally 
balanced.  Under the influence of strong shearing flow, flexible polymer chains freely 
tumble through the fluid medium while continuously transitioning between globular and 
elongated conformations.  Terminal segments of the polymer have fewer topological 
constraints because of their one-sided connectivity, and can more readily dissipate 
frictional forces through spatial translation or realignment with the flow direction – as 
opposed to FENE spring extension. 
This is evidenced by the ensemble average FENE spring tension distribution along 
the multimer contour (not illustrated, see our prior work108), which is parabolic with little 
force at the termini and peak force at the center.  In this work, we have defined A2 domain 
unfolding to be any force excursion event of FENE spring tension past the experimentally-
motivated value of 11 𝑝𝑁.  While this definition is certainly a gross simplification of what 
is actually a sudden, probabilistic, and dramatic unfolding event, the FENE spring model 
reliably captures smoothed force-extension correlations of unfolded A2 domain 
dynamics47,108.  In light of the parabolic tension distribution and definition for unfolding, 
it is intuitive that the probability for A2 domain unfolding (i.e. significant force excursion 
events) also exhibits a quasi-parabolic distribution along the chain contour (not illustrated, 
see our prior work108).  Hydrodynamic forces induce little internal tension near the polymer 
termini so that the probability of unfolding is small there, however force magnitude and 
the likelihood of unfolding increase towards the multimer center.  Among the 140,000 
observations used for training in the 10-segment case, only 0.4% of the data represented 
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conformations with unfolded A2 domains in the terminal segments, whereas this value was 
over 20% for the two central segments.  The 50-fold difference in A2 domain unfolding 
statistics between terminal and central segments justifies the low prediction accuracy for 
unfolded A2 domain states at the 5- and 10-segment resolution levels, as compared to the 
chain-level resolution. 
We simulated vWF multimers at the large shear rate of ?̇? = 500 × 103 𝑠−1 in order 
to ensure a high frequency of A2 domain unfolding events for RFA training.  We 
intentionally introduced a statistical bias when defining the training data set by selecting 
one-half of the input data to correspond to conformations for which no A2 domains were 
unfolded, and the other half corresponding to conformations for which at least one A2 
domain was unfolded.  We expect that prediction accuracy near the multimer termini for 
unfolded A2 domain states can be improved dramatically by introducing an additional 
statistical bias to the training data set, and increasing its size.  For example, we could have 
selected an ensemble of observations that, cumulatively, represented an equal number of 
unfolded A2 domains in each segment, rather than by randomly sampling conformations 
with at least one A2 domain unfolded.  However, the aim of the current study is not to 
optimize an algorithm, but rather to demonstrate the use of a RFA for predicting the 
dynamics of linear polymers with sub-monomer features based on macromolecular 
conformational feature information. 
Additionally, we do not wish to have in depth discussion of the biological or 
physiological implications of our coarse-grained BD simulation results, but rather on the 
development and findings of a RFA that uses such results as input.  Nonetheless, we will 
state that there is no direct experimental evidence showing that A2 domains located nearer 
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to the multimer termini of non-grafted vWF molecules in bulk shearing flows are more 
likely to be in a folded state.  However, provided that the tension distribution in the regime 
of large shearing is parabolic, this is what is suggested by our BD simulation results and 
was the claim made in one of our previous works108.  The assertion that terminal A2 
domains are more probably in a folded state is reasonable in light of considering a more 
robust description of A2 domain unfolding – as an activated process, whereby transition of 
an A2 domain from the folded to unfolded state is separated by a transition state energy 
barrier that is lowered by the application of an external force. 
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4.6 Cumulative Feature Importance 
 
Figure 14: Feature importance scores for Random Forest Algorithm input variables.  
Results are illustrated for three feature/response partition resolutions considered: 10-
segment, 5-segment, and chain-level.  Feature indices for bottom bar graphs correspond to 
feature names listed in Table 1, and top bar graphs illustrate the same data, but sorted in 
order of ascending importance.  Features showing notable importance are identified and 
tabulated for the 5-segment resolution case. 
Figure 14 illustrates feature importance scores determined by the RFA for 
prediction of A2 domain states.  Results for three feature/response resolutions are shown 
in Figure 14, and the bottom bar graphs for each resolution have feature indices that 
correspond to feature names given in Table 1.  The top bar graphs for each resolution level 
illustrate the same data, but sorted in order of ascending importance to illustrate that a 
relatively small fraction of all features considered account for a majority of the total 
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prediction importance.  Features of notable importance for the 5-segment resolution level 
are also tabulated in Figure 14.  Note that several of these key features may exhibit 
collinearity, but we have not examined this possibility or its effects because that is outside 
the scope of this work and will be done in a future study.  The simple case considered in 
this work examined a vWF multimer subject to a bulk shearing flow in the x-direction, 
however the selected features may not be collinear when simulating more complex flow 
conditions such as vWF multimers in the presence of a wall, ancillary particles, or more 
complex flow fields. 
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Table 3: Fourteen most important macromolecular conformational features for prediction 
of A2 domain state in each partition of the 5-segment resolution, as well as their cumulative 
importance.  Features in bold font and highlighted cells exemplify correlated segment 
dynamics, which manifest simultaneously with sub-monomer A2 domain unfolding events 
in a given partition along the contour.  Numerical subscripts indicate the segment location 
of variable measurements. 
Table 3 lists the 14 most important macromolecular conformational features for 
prediction of A2 domain state within each partition of the 5-segment resolution.  They are 
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easily seen in the top bar graph of the 5-segment partition results in Figure 14.  The total 
importance accounted for by the 14 most important features is listed in Table 3 for each 
segment.  The total number of features considered for the 5-segment resolution is 88, and 
Table 3 shows that a relatively small subset of them (14 out of 88) account for 87% − 94% 
of the total prediction importance, depending on segment location.  The prediction 
importance accounted for by the 14 most important features is lower for segments nearer 
to the multimer termini.  Accordingly, the prediction importance is less isolated to the most 
significant features, and distributed more among the others.  This is caused by what we 
refer to as correlated segment dynamics.  This means that prediction of A2 domain state in 
one segment depends not only upon the feature characteristics of that segment, but also 
upon features that characterize neighboring segments.  Cross-correlations have little 
influence on A2 domain state prediction at the multimer center, indicated by the 14 most 
important features for segment 3 accounting for 94% of the total importance and being 
solely related to feature information of segment 3 (except for Σ𝑟𝑥, Σ𝑟𝑦, and Σ𝑟𝑧 that 
transcend segment classification).  Alternatively, 4 out of the 14 most important features 
for the first and last segments characterize information pertaining to neighboring segments.  
Correlated segment dynamics and their implications will be discussed further throughout 
the remainder of this work. 
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4.7 Position Importance Distribution along Multimer Contour 
 
Figure 15: Distribution of x-, y-, and z-direction bead position importance scores along the 
multimer contour for the 5-segment partition resolution.  The sum of these distributions are 
indexed by labels 1, 2, and 3 in Table 1, respectively.  Rows, labeled S1-S5, indicate 
prediction importance distributions for each segment (i.e. the x-direction distribution 
within row S1 illustrates the importance distribution of only x-direction bead positions for 
determining A2 domain unfolding within segment 1 only). 
Figure 15 illustrates bead position importance scores along the vWF multimer 
contour.  Columns in Figure 15 illustrate prediction importance for the x-, y-, and z-
direction position components for each segment, where segments are indicated by rows 
labeled S1-S5.  Our previous results shown in Figure 14 and Table 3 have dealt with 
cumulative feature importance, which treated the sums of ensemble position components 
as single features for each segment.  However, Figure 15 illustrates the distribution of 
importance along the multimer contour, which clearly shows prevalent correlated segment 
dynamics.  For clarity, the jargon used to interpret results illustrated in Figure 15 for the 
last row of the last column, as an example, is that this distribution illustrates the prediction 
76 
 
importance scores for all z-direction bead position component features for determining A2 
domain unfolding only within segment 5 of the vWF multimer. 
Our motivation for the explicit inclusion of each position component is made 
evident by the results illustrated in Figure 15.  We have exploited our knowledge of the 
instantaneous A2 domain states to utilize the RFA as a tool for building a statistical 
description of the essential macromolecular dynamics occurring in tandem with A2 domain 
unfolding events.  Locations of high positional importance are, in some way, correlated 
with A2 domain unfolding events and importantly show strong evidence of cross-
correlations in macromolecular behavior.  The results in Figure 15 indicate where to look 
for important macromolecular conformational information, which reduced the task to 
merely determining what that information is.  Our domain knowledge of the underlying 
polymer physics combined with a backwards working approach revealed the nature of the 
underlying large scale motions that facilitate A2 domain unfolding as a function along the 
chain. 
Based on analysis of feature values and visualization of polymer conformations, we 
found that the inhomogeneous distributions of positional importance are easily 
corroborated by elementary polymer physics principles.  Two types of behavior are evident 
in the x-direction position importance distributions in the first column of Figure 15.  
Unfolding within the outermost partitions occurs most often at the interior region farthest 
from the mutlimer terminus, because internal tension within the outer segments becomes 
highest there.  Accordingly, beads located nearer to the multimer termini exhibit large x-
direction position importance, because the location of these beads relative to the rest of the 
chain determines the overall segment elongation in the flow direction, shown in rows S1 
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and S5 of the first column.  A2 domain unfolding is strongly correlated with large segment 
elongations in the flow direction, because A2 domains are exposed to the force of flow 
after segment unraveling has occurred.  A2 domain unfolding within an interior partition 
requires the two adjacent segments to “pull” on it in the flow direction from either side, 
which explains the double-peak structures shown in rows S2-S4 of the first column.  Two 
trends are exhibited in the z-direction position distributions in the third column of Figure 
15.  The outermost partitions show two peaks in z-direction position importance, whereas 
interior partitions show three peaks.  In both cases, the relevant physical principle is that 
two or more regions of the multimer must become skewed to the flow in the z-direction 
(shearing-direction) in order for sufficient hydrodynamic force to be exerted upon 
constituent A2 domains.  Adjacent regions of the chain with differing z-direction heights 
exist within different shear lamina of the flow, which causes a net hydrodynamic force to 
act on these regions that drives multimer elongation and local A2 domain unfolding.  
Feature importance for y-direction position components, shown in the second column of 
Figure 15, are collectively more important for the outermost partitions than interior.  The 
strength of shearing is proportional to relative displacements in the z-direction, so elevation 
differences along the multimer can induce dramatic changes in polymer conformation.  
Since terminal segments of the multimer are subject to fewer topological constraints, 
members of the outermost partitions are more able to diffuse in the xy-plane to maintain 
lower energy configurations by minimizing the span of shear lamina.  Interior partitions 
are physically connected at both ends, which restricts this sort of planar diffusion and 
explains the elevated importance for y-direction position components in the terminal 
segments.  Two figures similar to Figure 15 are included below, Figure 16 and Figure 17, 
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for the chain-level and 10-segment partition resolutions.  Figure 17 illustrates the same 
story conveyed here, however the z-direction position component distributions for terminal 
segments exhibit a single peak and interior segments exhibit two peaks. 
 
Figure 16: Distribution of x-, y-, and z-direction bead position importance scores along the 
multimer contour for the chain-level partition resolution. 
 
Figure 17: Distribution of x-, y-, and z-direction bead position importance scores along the 
multimer contour for the 10-segment partition resolution. 
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Correlated segment dynamics are readily observable in the distributions of Figure 
15.  For example, the x-direction distribution for segment 3 (row S3, first column) 
illustrates that the importance of bead positions within this segment is more than 11 times 
less important than the position of beads in neighboring segments 2 and 4.  An A2 domain 
was considered to be unfolded if the internal tensile force within the connecting FENE 
spring was greater than 11 𝑝𝑁, and the FENE force value was determined solely by the 
bead-bead separation distance that defines the FENE spring extension.  Therefore, one may 
falsely assume that our choice to explicitly include each bead position component as an 
input feature to the RFA would ensure highly accurate predictions merely because the 
response is a sort of non-linear transformation of the features.  However, the x-direction 
distribution for segment 3 shows that this is certainly not true; rather, the position of distant 
beads that are not physically connected to the unfolding domain are dramatically more 
important for predicting A2 domain dynamics.  As we have shown in Figure 13, the RFA 
is capable of making highly accurate predictions, but not because of first-order correlations 
among the features and response.  Instead, accurate predictions are possible, in part, 
because higher-order correlations within the data due to the concerted macromolecular 
dynamics occurring among distant segments of the chain are readily recognized and 
understood by the RFA.  This result highlights the critical importance and prevalence of 
correlated segment dynamics in vWF multimers subject to bulk shearing flows, as well as 
the usefulness of machine learning techniques to elucidate these seemingly hidden 
behaviors. 
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4.8 Further Examination of Correlated Segment Dynamics 
 
Figure 18: Feature importance scores for (A) local chain concentration and (B) maximum 
x-direction distance within each partition of the 5-segment resolution.  Feature cross-
correlations are highlighted by dashed circles. 
Figure 18 illustrates two features exhibiting correlated segment dynamics: (A) local 
chain concentration and (B) maximum x-direction distance for the 5-segment resolution 
level.  Nearly all of the key features identified in the sub-table of Figure 14 exhibit some 
degree of cross-correlation, but with varying extent.  Cross-correlations among bead 
position components were previously discussed and illustrated in Figure 15.  The general 
trend observed for the remaining features is that prediction importance depends on the 
value of a given feature within that partition, but also on the value of that same feature in 
the adjacent segment that is nearer to the multimer center.  The value of the same feature 
81 
 
in the adjacent segment that is nearer to the multimer termini appears to be negligibly 
important.  However, the local chain concentration feature deviates from this general trend 
and is illustrated in Figure 18A.  Although the magnitude of the dependencies is small, the 
local chain concentration importance for segments 2 and 4 clearly show cross-correlations 
with segments segment 1 and 5, respectively, which is in the opposite direction suggested 
by the general trend. 
4.9 Conclusions 
We have shown that the instantaneous state of sub-monomer A2 domains can be 
accurately predicted based on features that characterize macromolecular conformation 
information of von Willebrand Factor multimers in shear flows.  Our method employed a 
purely data-driven machine learning technique, whereby the Random Forest Algorithm 
was trained using three data sets of feature/response information of varying resolution 
detail.  Post-training predictions were made using an unseen data set.  The accuracy of 
these predictions for unfolded A2 domains ranged from 86% − 94% at the multimer 
center, depending on the feature/response resolution level considered, with a certainty of 
their location resolved to as little as 5 out of 50 possible A2 domains along the vWF 
multimer contour.  The high accuracy of predictions made indicates that the feature 
information used as input variables to the RFA sufficiently describes the behavior of vWF 
in shearing flows.  We identified the most important features for prediction of A2 domain 
state, and found that a small fraction of the total features considered account for the 
majority of the prediction importance – the 14 most important features out of 88 total 
features for the 5-segment resolution level accounts for 87% − 94% of the total prediction 
importance, depending on segment location.  By exploiting the nature of the Random 
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Forest Algorithm, we extracted the dominant motions of the vWF multimer occurring in 
tandem with A2 domain unfolding events from an ensemble of macromolecular 
conformations.  We observed that these essential large-scale molecular motions manifest 
in strongly correlated dynamics among various segments of the vWF chain, which occur 
in concert to facilitate A2 domain unfolding.  We found that neighboring regions of the 
multimer adjacent to an A2 domain unfolding event are required to assume elevation 
differences in the shearing direction, which causes a local hydrodynamic loading that 
induces elongation in the flow-direction.  Accordingly, we found that A2 domain unfolding 
requires neighboring regions of the chain on either side to “pull” on it in the flow-direction.  
Aside from the strong correlations observed among bead position features (or equivalently 
the chain configuration), we showed that correlations among individual segment dynamics 
have stronger influence in the outermost partitions as compared to centrally-located 
regions.  Here, a procedure has been advanced that permits significant dimensionality 
reduction from an entire coarse-grained simulation ensemble to a small collection of key 
observables at the macromolecular scale, which permit for high accuracy prediction of sub-
monomer response.  To further demonstrate the impact of such dimensionality reduction, 
in a forthcoming work, the procedure developed here will be implemented to analyze 
macromolecular conformation information from experimentally generated data.  The 
results presented in this work can be found in a previous publication124. 
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Chapter 5: Shear-Induced Extensional Response Behaviors of  
Tethered von Willebrand Factor 
5.1 Overview 
Single-molecule flow experiments are performed using confocal microscopy and a 
microfluidic device for shear rates up to 20,000 𝑠−1, and results for the shear-induced 
unraveling and elongation of tethered von Willebrand Factor (VWF) multimers are 
discussed.  Companion Brownian dynamics (BD) simulations are employed to help explain 
details of the experimental observations using a parameterized coarse-grained model of 
VWF.  It is shown that global conformational changes of tethered VWF can be accurately 
captured using a relatively simple mechanical model. Good agreement is found between 
experimental results and computational predictions for the threshold shear rate of 
extension, existence of non-homogenous fluorescence distributions along unraveled 
multimer contours, and large variations in extensional response behaviors.  BD simulations 
reveal the strong influence of varying chain length, tethering point location, and number of 
tethering locations on the underlying unraveling response. VWF is a complex molecule 
that naturally adopts a wide distribution of molecular sizes, and has multiple binding sites 
within each molecule.  Nonetheless, this work demonstrates the power of tandem 
experiment and simulation for understanding flow-induced changes in biomechanical state 
and global conformation of macromolecules.  
Other authors have previously introduced an experimentally parameterized and 
coarse-grained model of VWF.  In those works, Brownian dynamics (BD) simulations of 
VWF in shear flows were performed to examine the internal dynamics experienced by non-
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grafted multimers, and their shear-dependent rates of adhesion to a model surface34,47,108.  
The dynamical behaviors of tethered and free-flowing polymers differ greatly83, and in this 
study attention is given to the biomechanical response behaviors of tethered VWF in shear 
flows.  Experimental data is advanced for the shear-induced elongation of surface-bound 
VWF in a microfluidic device using fluorescence microscopy.  The threshold shear rate of 
extension is compared with previously reported values, and new observations of the 
extensional response behavior are identified.  Lastly, BD simulations are employed to 
examine VWF multimers bound to a model surface, and various molecular sizes, shear 
rates, and VWF-surface tethering conditions are probed to offer further explanation for the 
shear-induced extension observations.  By combining an experimentally parameterized 
coarse-grained model with microfluidic-based experiments, this work demonstrates how 
one could gain in depth understanding of flow-induced global conformational changes of 
macromolecules. 
This chapter contains material that has been previously published125 by a few 
collaborators.  It should be noted that Yi Wang conducted the experiments discussed in this 
chapter, and Michael Morabito performed the Brownian dynamics simulations.  Both 
authors contributed equally to the production, analysis, and discussion of results presented 
in this work. 
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5.2 Experimental Materials and Methods 
  
Figure 19: (A) A photograph of the PDMS microfluidic channel used for flow experiments 
(filled with dye for illustration).  (B) A microchannel schematic (dimensions measured in 
mm).  (C) Confocal microscopy was used to image VWF multimers tethered on the 
microfluidic device surface.  The top schematic illustrates flow through the constricted 
region of the microchannel, where fluorescent imaging was conducted. Bottom schematics 
illustrate shear-induced extension of one tethered VWF multimer, which depends on the 
shearing strength (view online for color). 
5.2.1 von Willebrand Factor Labeling and Purification 
The VWF multimer sample is derived from human plasma (Millipore, MA, USA), 
and the molecular weight has a wide distribution as confirmed by Western blot.  A sulfo-
NHS-LC-Biotinylation kit (Thermo Fisher Scientific, MA, USA) and an Alexa 488 5-SDP 
Ester kit (Thermo Fisher Scientific, MA, USA) were applied to tag VWF with biotin and 
fluorophore molecules. The excitation peak wavelength of the fluorophore is 490 nm and 
emission band is 470-690 nm with a peak of 525 nm according to the manufacturer’s data 
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sheet. Both the fluorophore and biotin are covalently conjugated to amine groups on VWF, 
which is typically present in protein through the side chain of lysine (K) residues. Alexa 
488 sulfodichlorophenol (SDP) ester produces carboxamide bonds with VWF. N-
Hydroxysuccinimide (NHS) esters of biotin react with primary amino groups of VWF and 
form covalent amide bonds. Labeled VWF was purified by Slide-A-Lyzer MINI Dialysis 
Device Floats (Thermo Fisher Scientific, MA, USA).  Biotinylation was confirmed by dot 
blot. 
5.2.2 Microfluidic Device Fabrication 
The microfluidic device used in experiment is illustrated in Figure 19A.  The 
channel pattern, illustrated in Figure 19B, was created on a silicon wafer using standard 
photolithography techniques.  Applying the wafer as a mold, a 10: 1 mixture of PDMS 
precursor and curing agent (Dow Corning, MI, USA) was incubated at 60° 𝐶 overnight to 
cure fully.  An inlet and outlet were drilled through the solidified PDMS layer, which was 
then sealed onto a #1.5 glass coverslip (Corning Inc., NY, USA) by O2 plasma. The 
channel measured 50 µ𝑚 in height, 8 𝑚𝑚 in length, and varied in width from 0.1 −
1.0 𝑚𝑚.  Fluorescent imaging of tethered VWF occurred in the constricted region of the 
microfluidic channel, illustrated in Figure 19A, where the shear rate is the greatest. 
5.2.3 Surface Modification and von Willebrand Factor Immobilization 
After device fabrication, the glass surface was coated with streptavidin to 
immobilize biotinylated VWF molecules.  First, the microfluidic channel was incubated 
with 10 µ𝑔/𝑚𝑙 biotinylated bovine serum albumin (biotin-BSA, Sigma-Aldrich, MO, 
USA) for 2 hours. Then a commercial blocking solution (Candor, Germany) was injected 
into the channel and incubated for 30 minutes.  Afterwards, 10 µ𝑔/𝑚𝑙 streptavidin 
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(Sigma-Aldrich, MO, USA) was applied for a 10-minute incubation before the channel was 
washed by 15 µ𝑙 washing buffer (Perkin Elmer, MA, USA).  Subsequently, the solution of 
VWF multimers labeled with biotin and fluorophore was slowly injected into the channel, 
and incubated for 5 minutes.  After VWF immobilization, free D-biotin (Sigma-Aldrich, 
MO, USA) was injected into the device and incubated for another 10 minutes in order to 
block unreacted streptavidin binding sites.  All incubations occurred at room temperature. 
Standard phosphate-buffered saline (PBS) solution (Fisher Scientific, NH, USA) was used 
to dissolve and dilute the reagents to desired concentrations. 
5.2.4 Flow Experiments and Image Acquisition 
The top schematic in Figure 19C illustrates flow through the constricted region of 
the microfluidic device where imaging occurred, and bottom schematics depict the shear-
dependent elongation of tethered VWF multimers.  A syringe pump was used to attain 8 
shear rates herein considered that ranged from zero to 20,000 𝑠−1.  Shear rates were 
calculated based on corresponding flow rates, and by assuming a steady laminar flow 
through a channel of rectangular cross-section.  The flushing buffer was based on PBS and 
contained 0.02% Tween 20 (Fisher Scientific, NH, USA), 0.1 𝑚𝑀 free biotin, and 
0.5 𝑚𝑔/𝑚𝑙 BSA (Sigma-Aldrich, MO, USA).  A fluorescence confocal microscope 
captured single-molecule unraveling events at one frame per second (fps).  Image analysis 
was conducted to obtain conformation and elongational lengths.  Normalized extension is 
frequently discussed below, and is defined for each shear rate as the elongational length 
minus the initial length, divided by the difference of the maximum and initial lengths of 
the same molecule, 𝐸 =
𝐿−𝐿0
𝐿𝑚𝑎𝑥−𝐿0
.  Initial and maximum lengths are given by measurements 
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of each molecule at shear rates zero and 20,000 𝑠−1, respectively (with exceptions 
addressed in text). 
5.3 Simulation Information 
Coarse-grained Brownian dynamics simulations were performed using an 
experimentally parameterized coarse-grain model of vWF for non-grafted multimers in a 
simple one-dimensional bulk shearing flow, where the flow acts in the x-direction and 
shearing occurs in the z-direction.  Our VWF model represents a single monomer by a 
system of two beads connected by a finitely extensible nonlinear elastic (FENE) spring.  
Adjacent monomers are connected by stiff harmonic springs that represent disulfide bonds.  
Simulations began with vWF chains that were previously initialized in compact globular 
conformations at zero shear.  In this chapter, vWF multimers ranging from 𝑁 = 20 to 𝑁 =
160 beads were simulated, which represent proteins 10 − 80 monomers in length.  Note 
that this size multimer is in the physiological range of sizes observed for functional vWF 
in blood, for which the upper limit has been reported to be around 40 − 200 monomers12.  
In order to obtain sufficient statistics, a simulation ensemble consisted of 20 non-
interacting chains with equivalent chain length and tethering conditions.  Each chain 
possessed a unique initial conformation and random seed number (for simulation).  Both 
hydrodynamic interaction tensors were updated once every 500 time steps (selection 
confirmed by convergence study).  Bead position coordinates were collected once every 
2,500 time steps, which were post-processed to obtain elongational length, etc.  The time 
step employed was Δ𝑡 = 1.54 𝑛𝑠, and a typical simulation duration was approximately 106 
time steps or roughly 1.54 𝑚𝑠.  At shear rates near the critical value for extension however, 
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some simulations required slightly longer durations before converging on an ensemble 
average quasi-steady elongational length.   
The following parameter values were employed for the simulations discussed in 
chapter 5.  The bead radius used is 𝑎 = 15 𝑛𝑚.  The 12-6 Lennard-Jones potential has an 
energy parameter value of 𝜖 = 1.0 𝑘𝑏𝑇, and length parameter 𝜎 =  (2𝑎 + 1𝑛𝑚) (2
1/6)⁄  
that measures the center-to-center distance between beads.  The solvent viscosity employed 
is 𝜂 = 0.001 
𝑝𝑁𝜇𝑠
𝑛𝑚2
, and the temperature is 𝑇 = 300𝐾.  Both the FENE and harmonic 
springs have equilibrium lengths given by 𝑄𝑒𝑞 = 2𝑎 + 1𝑛𝑚, which measure the center-to-
center distance between beads.  The FENE spring constant is 𝐻 = 0.12 𝑝𝑁 𝑛𝑚⁄ , and the 
maximum extensible length is given by 𝑄𝑚𝑎𝑥 = 51.5 𝑛𝑚.  The overall length of a model 
VWF monomer at equilibrium is 61.0 𝑛𝑚, which includes a 1.0 𝑛𝑚 FENE spring 
equilibrium length and agrees with experimentally reported values ranging from 60 −
70 𝑛𝑚12,19.  The harmonic spring constant employed is 𝑘 = 100
𝑘𝑏𝑇
𝑎2
. 
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5.4 Reversible Unraveling of von Willebrand Factor in Shear Flows 
 
Figure 20: Shear-induced elongations of a single surface-bound VWF multimer under 
increasing shear rate are illustrated from top to bottom by (A) experimental fluorescence 
microscopy images and (B) Brownian dynamics simulation snapshots.  Shear flows act in 
the positive x-direction.  Elongational length and normalized extension are illustrated in 
(C) as a function of shear rate for the molecule depicted in (A) and the average behavior of 
20 model VWF chains with the same characteristics (i.e. size and tethering conditions) as 
that illustrated in (B).  The model VWF chain illustrated in (B) is comprised of 40 
monomers (𝑁 = 80 beads), and is wall-bound at the terminal bead are indicated by arrow.  
A single VWF monomer is represented by two beads, one darker and the other lighter 
shaded, connected by a FENE spring, and adjacent monomers are connected by darker 
harmonic springs.  Shear rates corresponding to images in both (A) and (B) are  ?̇? =
0, 500, 1000, 2000, 5000, 10000, 15000, and 20000 𝑠−1. (View online for color.) 
Circulating VWF exhibits a wide range of sizes, from dimer units (520 𝑘𝐷𝑎) to 
large multimers containing up to 40 − 200 monomers12.  Western blot results indicated 
that our VWF sample had a wide molecular weight (MW) distribution starting at 
approximately 1000 𝑘𝐷𝑎 (~ 4-mer), although determination of the larger multimer MWs 
is difficult due to the lack of standards.  Dot blot results indicated that VWF was 
successfully labeled with biotin, and capable of tethering to streptavidin-coated surfaces. 
A casein-based coating was applied inside the microfluidic channel in order to minimize 
91 
 
non-specific binding. The concentration of each reagent was optimized so that multiple 
molecules were visible in each frame under the microscope, while significant spacing was 
present to prevent inference from neighboring molecules. Flowing in free biotin after VWF 
incubation blocked streptavidin not bound to a VWF chain, which prevented additional 
binding during elongation and ensured reversible VWF unraveling. Without any flow, we 
observed fluorescently-labeled VWF multimers appearing as dots on the channel surface 
with diameters ranging from 0.5 𝜇𝑚 to 1.5 𝜇𝑚, which is comparable to previously reported 
sizes35,49,50.  In control experiments without streptavidin coating, few fluorescent dots were 
observed in the channel, confirming that the fluorescent signals observed were individually 
tethered molecules. 
Under physiological conditions, circulating VWF does not bind GPIb-IX-V or to 
the blood vessel wall, which is lined by endothelial cells. Only when shear is high, for 
example at the bleeding site will VWF be activated by flow and unravel from coil to string. 
Unraveled VWF binds to the matrix protein collagen and mediates platelet plug 
formation126. Instead of using collagen or model cells that express GPIb-IX-V to 
immobilize VWF molecules, we applied avidin-biotin binding, the strongest known non-
covalent receptor-ligand pair127,128, as it allows immobilization of VWF with one or few 
strong anchorage points not easily breakable by shear. This also allows VWF to 
unravel/relax reversibly. The type of immobilization chemistry is not expected to change 
the biomechanical behavior of the un-tethered portion of the VWF multimer. Also, the 
number of interaction sites between each biotinylated-VWF and an avidin coating can be 
controlled through the level of biotinylation and density of surface avidin, as well as 
blocking redundant avidin on the surface with free biotin; by doing so, the un-tethered 
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portion of VWF, upon unraveling, does not develop additional interactions with the 
substrate. 
In streptavidin-coated channels, we further inspected the mechanical behavior of 
single immobilized VWF molecules under flow. Cycles of elongation followed by 
relaxation were achieved by turning the flow on and off using a syringe pump.  Experiments 
were first performed at single shear rate with multiple elongation cycles (see Supplemental 
Materials from previous paper125). The averaged elongation was consistent over multiple 
cycles of flow, while there is a ~15% variation in length after the molecule reaches the 
maximum length. A relaxation time above 10 s was found to be sufficient for the molecule 
to relax back to its original length at the end of each flow cycle. A single molecule was 
then examined at 8 shear rates that increased stepwise from zero up to 20,000 s-1.  The 
molecules were exposed to each shear condition for 15 s, controlled by a syringe pump, 
and flow was stopped for another 15 s to allow their relaxation after each shear exposure. 
Typical single-chain unraveling dynamics are discussed for the example VWF 
multimer depicted in Figure 20A. Image analysis at each shear rate yields multimer length 
in the flow direction, which is plotted as a function of shear rate in Figure 20C.  For this 
example chain, the globular diameter measured at zero shearing is 1.2 𝜇𝑚, and the 
maximum observed length is 4.0 𝜇𝑚 at the highest shear rate tested of 20,000 𝑠−1.  
Normalized extension, also illustrated in Figure 20C, initially increases rapidly, but slows 
down around the shear rate of 5,000 𝑠−1 where the molecule reaches 80% of the longest 
observed length. Comparable simulation results are depicted by the snapshots in Figure 
20B for a 40-mer chain (𝑁 = 80 beads) that is tethered to a model surface at one terminal 
bead.  Simulation data for elongation and normalized extension in Figure 20C are average 
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results for a 20-chain ensemble possessing identical length and tethering conditions as the 
multimer depicted in Figure 20B. Average normalized extension exceeds 70% of the 
maximum observed length at 5,000 𝑠−1, which compares with the value of 80% for its 
experimental counterpart. Elongation and normalized extension curves for experiment and 
simulation in Figure 20C share similar features and shape.  This agreement, at least 
qualitatively, suggests that our simulations capture the flow-induced extensional response 
behavior observed in experiment for increasing shear rate. 
It should be noted that the quiescent molecular diameter between experimental 
measurements and simulation differ significantly (Figure 20, A and B at 0 𝑠−1) . This 
difference could be partially accounted for by the lateral resolution of the confocal 
fluorescent microscope of ~ 400 nm. Fluorescence species smaller than the resolution 
length would appear larger. However, since the lateral resolution is finer than the observed 
VWF diameters, we believe a second factor contributes more significantly to the large 
quiescent diameter, which is image smearing due to molecular Brownian motion during 
the exposure time of one second. Simulations reveal that for the case of a single terminally-
bound bead, the thermal motion of the polymer chain about the tether location causes the 
observed diameter to appear approximately 3-4 times larger than the physical diameter, on 
timescales associated with the image acquisition, or exposure time.  This effect has greater 
influence on shorter rather than longer chains, which is what we expect since the coefficient 
of diffusion for a generally-spherical and collapsed multimer is inversely proportional to 
its globular radius. Diffusive effects are also mediated by the number and location of wall-
bound beads. Using the simulated smearing factors of 3-4 to rescale the quiescent VWF 
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diameter in the experiments, we found close agreements between the confocal and 
simulation results.  
Despite the smearing effect at zero flow conditions, it has little influence on length 
measurements at high shear rates. This is because hydrodynamic effects dominate the 
dynamics of VWF, as opposed to thermal molecular motion, and we hence suspect that 
unraveled chains exhibit decreased configurational fluctuations – i.e. image smearing.  This 
is corroborated by comparing the signal-to-noise ratio for the steady-state elongational 
lengths, which clearly illustrate that flow-induced conformational changes dwarf those due 
to thermal fluctuations at high shear rates (see Supplemental Materials from previous 
paper125). As a result, the length measurement from simulation and experiments compare 
well at high shear (Figure 20, inset).   
 
Figure 21: (A) Fluorescence microscopy images show the presence of high-intensity 
fluorescence regions along the contour of tethered VWF multimers that have unraveled 
due to fluid shearing for five different example images.  (B) Simulation snapshots show 
variation in local molecular density along chain contours.  Snapshots depict quasi-steady 
elongations for various chain length (N) and tethering conditions (tether point or T.P), 
tabulated in (B).  Arrows indicate tether locations (view online for color). 
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Fluorescence microscopy images of different molecules demonstrated variable 
fluorescent banding, or distinct high-intensity fluorescence regions along unraveled chain 
contours. Some examples of this phenomenon are illustrated in Figure 21A. Assuming a 
uniform fluorophore labeling on the molecule surface in the coiled state, the banding 
suggests, at least qualitatively, that local monomer density varies in the flow direction, and 
consequently so may the potential for VWF activation. Previous authors observed similar 
behavior, and analyzed the fluorescence intensity distribution to estimate the average 
extension per VWF monomer35.  An inhomogeneous extension distribution, hydrodynamic 
shielding, or topological constraints associated with these intensity regions may change 
local physiological properties, such as internal stress distribution that may also alter VWF 
binding affinity towards platelets35. We observed high-intensity regions at both termini and 
at locations in between, although banding in central regions appeared to occur more often 
for long elongations at high shear rates.  
The simulation snapshots illustrated in Figure 21B are used to discuss the presence 
of high-intensity fluorescent regions observed in experiment. Snapshots depict the shear-
induced unraveling response of VWF for various chain lengths and tethering conditions.  
Snapshots illustrate steady-state elongational lengths, which converged after a short, 
transient unraveling period.  Upon application of flow, an initially compact globule rotates 
about its tether point in an attempt to align in the flow direction. Unraveling begins from 
the tether point location past a threshold shear rate, and propagates down the chain contour. 
For constant shear rates near the threshold value, steady-state extension is achieved prior 
to complete macromolecular unraveling, because hydrodynamic force lacks the strength 
required to entirely unravel the chain.  In this case, a stable globule forms at the free-end 
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of the multimer, illustrated in Figure 21B (𝑖 − 𝑖𝑣).  This may account for high-intensity 
fluorescent regions observed experimentally at the free-end of the tethered multimers.   
Similarly, high-intensity regions were observed in experiments at upstream tether 
point locations.  Simulation results, depicted in Figure 21B (𝑖, 𝑣), suggest these may result 
from VWF-surface tethering at interior contour locations.  In this case, two VWF strands 
extend from the tether point location, and their relative lengths depend on the binding 
location along the chain contour.  Depending on flow and tether point conditions, 
simulations revealed the shorter of two chain fragments can congregate around the tether 
point location, which may explain the high-intensity regions observed experimentally 
there.  High-intensity regions were also observed experimentally at interior contour 
locations for some unraveled chains.  Although tethering point conditions can, in part, 
account for these observations, illustrated in Figure 21B (𝑖𝑖𝑖 − 𝑣).  This is under further 
investigation, and will be addressed in a later study.   
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5.5 Shear-Induced von Willebrand Factor Unraveling 
 
Figure 22: Experimental unraveling results for 70 tethered VWF molecules for the 8 shear 
rates herein considered: ?̇? = 0, 500, 1000, 2000, 5000, 10000, and 20000 𝑠−1.  (A) Raw 
elongational lengths.  (B) Box-and-whisker representation of raw elongation lengths.  
Boxes indicate the central 50% of data, wherein lines show median values, and whiskers 
indicate the lowest/highest observed values not considered as outliers.  Data represented 
by crossed symbols, +, are data points considered to be statistical outliers based on the box-
and-whisker representation (see text).  (C) Normalized extension.  (D) Ensemble average 
normalized extension as a function of shear rate.  The inset illustrates the same data in a 
linear-log plot, but only for the five smallest shear rates considered (<  5,000 𝑠−1).  The 
shaded region represents one standard deviation in experimental variation. 
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Reversible unraveling was recorded for 70 VWF molecules at various shear rates 
up to 20,000 𝑠−1.  The corresponding elongational lengths are illustrated in Figure 22A, 
which increase with shear rate. At zero shearing, most of the coiled VWF molecules 
adopted globular conformations with diameters between 1.0 𝜇𝑚 and 1.5 𝜇𝑚. Most chains 
reach maximum lengths between 2.0 𝜇𝑚 and 4.0 𝜇𝑚 at the highest shear rate considered 
of 20,000 𝑠−1, with the shortest and longest extensions being approximately 1.8 𝜇𝑚 
and 5.8 𝜇𝑚, respectively. The contour length of a single VWF monomer is approximately 
60 𝑛𝑚 to 70 𝑛𝑚12,19. This suggests the observed VWF multimers range from 
approximately 25 to 95 monomers in length, assuming multimers that are terminally 
tethered and fully extended at 20,000 𝑠−1.  This range agrees well with the VWF size 
distribution present in plasma17.  
Figure 22B presents the same data in a box-and-whisker plot. Boxes indicate the 
central 50% of data, wherein lines show median values, and whiskers indicate the 
lowest/highest observed values not considered as outliers.  Data represented by crossed 
symbols are statistical outliers based on the box-and-whisker representation; they have 
length values more than 1.5 times the interquartile range away from the top or bottom of 
the box. The outliers we observed generally have much longer extension than the majority 
of the molecules, and likely represent ultrahigh molecular weight multimers. 
The underlying shear-induced extensional response can be compared among the 70 
molecules of various lengths by normalizing elongation data, illustrated in Figure 22C. A 
few multimers attain their maximum lengths below the highest shear rate of 20,000 𝑠−1; 
in these cases the maximum length was taken from the corresponding shear rates depicted 
in Figure 22C, leading to a drop of normalized extension at greater shear rates.  
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The average normalized extension as a function of shear rate is illustrated in Figure 
22D, and is obtained by averaging the 70 curves in Figure 22C. Ensemble average multimer 
extension steeply increases up to 5,000 𝑠−1, where it reaches approximately 60% of the 
maximum value.  The inset highlights the lower range of shear response in a linear-log plot 
between the shear rates zero and 5,000 𝑠−1. Average extension data in this shear rate range 
was heuristically fit to 𝐸 = 𝑐1 𝑙𝑜𝑔(?̇?) + 𝑐2, and the threshold shear rate associated with the 
onset of extension was determined to be 400 𝑠−1 by extrapolating to zero extension.  Fu et 
al. examined a range of molecular sizes and shear stresses, and reported elongation of 
tethered VWF multimers occurred at the threshold shear stress of 1.5 𝑃𝑎, which 
corresponds to a shear rate of 1,500 𝑠−1 for the fluid viscosity employed of 1 𝑐𝑃35.  The 
single longest elongational length they observed under shearing was 6.5 𝜇𝑚.  These 
differences may be caused by different sample sources. The VWF sample used in Fu and 
her colleagues’ work is recombinant human VWF expressed in Chinese hamster ovary cells 
and further purified by an ion exchange column35. The VWF used in the current study is 
purified from human plasma by gel filtration chromatography according to the 
manufacturer’s data sheet. VWF made from different species could have different 
posttranslational modifications. In particular, glycosylation has shown to affect VWF 
structure and function55,129,130. As a result, VWF molecules in our experiments could 
potentially display different mechanical properties compared to VWF made from hamster 
cells. 
The shaded region in Figure 22D illustrates one standard deviation in experimental 
variation for the average normalized extension.  The variation in extensional behavior 
increases with shear rate until 5,000 𝑠−1, and gradually decreases at higher shear rates.  
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Discussed below, we show this variation is inherent to the system, and a result of 
deterministic parameters that characterize the extensional response behavior.  Since 
revealing these parameters is experimentally challenging, we have employed companion 
BD simulations to elucidate the details. 
5.6 Influence of Chain Length and Tether Point 
 
Figure 23: Brownian dynamics simulation results for the ensemble average normalized 
extension of tethered VWF multimers as a function of shear rate.  Each simulation curve 
is an average result from a 20-chain ensemble.  (A) Influence of chain length, for chains 
tethered at the first of 𝑁 = 40, 80, and 160 beads.  (B)  Influence of tether point (T.P.) 
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location (measured by bead index), for chains comprised of 40 monomers (𝑁 = 80 beads) 
that are grafted to a model surface at one of four possible locations along the multimer 
contour.  (C) Influence of multiple tethering point locations, for chains comprised of 𝑁 =
80 beads immobilized at two locations that are 0.225 𝜇𝑚 apart in the flow direction.  
Curves correspond to the following 15 pairs of tethered bead combinations: 
{(1,13), (1,25), (1,37), (1,49), (1,61), (1,73), (13,25), (13,37), (13,49),
(13,61), (13,73), (25,37), (25,49), (25,61), (25,73)}.  (D) Comparison of ensemble 
average normalized extension behavior between experiment and simulation.  The shaded 
region indicates one standard deviation in experimental variation for the average 
normalized extension.  Simulation results for varying (A) chain length and (B, C) tethering 
conditions are re-plotted in subfigure (D).  Insets illustrate corresponding data in linear-log 
plots, but for shear rates up to 5,000 𝑠−1. 
Using fluorescence microscopy, we observed large variation in the extensional 
response behavior exhibited by surface-immobilized VWF in shear flows.  We have 
employed numerical simulations to study a few factors that may be contributors to this 
observation – chain length, tether point location, and multiple tethering point locations.  
Figure 23 presents simulation results for the shear-induced normalized extension of model 
VWF multimers that are tethered to a model surface and subject to shearing flows.   
Figure 23A compares normalized extension for multimers comprised of 20, 40, and 
80 monomers (𝑁 = 40, 80, and 160 beads, respectively) that are tethered at the first (i.e. 
terminal) bead.  The wall-bound bead was immobilized so the edge measured 2 bead 
diameters above the wall surface in the z-direction.  For all chain lengths, extension sharply 
increases up to 5,000 𝑠−1, and becomes more gradual with higher shearing.  The inset 
depicts the same data in a linear-log plot for shear rates 0 − 5,000 𝑠−1, and clearly 
illustrates the extensional response behavior is dependent upon chain length.  There is 
nearly a 40% difference in average normalized extension between chains that are 20 and 
80 monomers in length (𝑁 = 40 and 160 beads, respectively) at the shear rate 2,000 𝑠−1.  
Fu et al. also observed experimental variation in the extensional response behavior of 
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tethered VWF in shear flows; however their analysis indicated the normalized response 
was invariant to chain length.  Our simulation results in Figure 23A indicate that the 
extensional response is larger for longer multimers, because longer chains are subject to 
greater hydrodynamic forces that must be internally balanced.  Further, Figure 23A 
indicates that the threshold shear rate for extension decreases with increasing chain length 
or molecular weight.  The longest chain length herein considered was comprised of 80 
monomers (𝑁 = 160 beads) and began unraveling at approximately 500 𝑠−1.  Our results 
strongly suggest that the threshold shear rate for extension should decrease even further 
with increasing multimer lengths for terminally-bound chains. 
 Knowledge of the tethering conditions cannot be easily obtained in experiment, and 
it is plausible that VWF-surface binding is possible anywhere along the multimer surface.  
We examined the influence of tether point location for VWF chains comprised of 40 
monomers (𝑁 = 80 beads).  One out of four possible beads at different locations along the 
multimer contour was tethered to a model surface.  Beads capable of tethering are indexed 
by 1, 13, 25, or 37 out of 𝑁 = 80 beads total, which represent the full contour length and 
approximately one-sixth, one-third, and one-half of the total contour length, respectively.  
Figure 23B indicates that the extensional response is retarded as tethering location along 
the multimer contour tends toward the chain center.  Further, the threshold shear rate for 
extension is approximately 2 − 4 times larger for interior tether point locations compared 
to terminally bound chains.  This occurs because of topological constraints, hydrodynamic 
shielding effects between the two tethered chain fragments, and a reduction in the effective 
contour length realized by the flow (measured from the tether point location to the terminus 
of the longest strand).   
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Similar to tether point location, it is plausible that multiple binding sites along the 
chain contour may immobilize VWF to a surface.  We probed shear-induced elongations 
for 15 different wall-bound bead pair combinations for VWF multimers comprised of 40 
monomers (𝑁 = 80 beads). First consider the case where the two bound beads are in 
adjacent monomers; in this situation, the presence of multiple binding sites has little 
influence and binding location along the multimer (as discussed above) is more significant.  
As the distance between the bound beads in the quiescent globular conformation increases, 
we postulate that the influence of multiple binding sites increases.  Therefore, to maximize 
the influence of this effect, in these simulations, it was assumed that the two bound beads 
were a maximum possible distance apart in the quiescent globular conformation.  That is, 
wall-bound beads were separated by 0.225 𝜇𝑚 in the flow direction, which is near to the 
quiescent globular diameter for long multimers.  Starting with bead 1, 6 additional beads 
were identified as eligible for binding:  13, 25, 37, 49, 61, and 73.  Separate simulations 
were run with different combinations of 2 beads selected from this set of 7 and subject to 
the separation distance requirement described above. Each pair of beads was immobilized 
so that their edges measured 2 bead diameters above the wall surface in the z-direction.  
After prescribing the locations of wall-bound beads, the remaining portions of the chain 
were allowed to equilibrate in quiescent flow to assume a physically relevant globular 
conformation as a starting state for the flow simulations.  This procedure modeled the case 
as if the globule had naturally settled on the surface, and become bound at the two 
prescribed bead locations.  All starting conformations appeared to be similar to the 
molecule in Figure 23B at zero shear rate.  Curves in Figure 23C correspond to the 
following bead pair combinations: (1,13), (1,25), (1,37), (1,49), (1,61), (1,73),
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(13,25), (13,37), (13,49), (13,61), (13,73), (25,37), (25,49), (25,61), 
and (25,73).  Simulations with flow revealed that the threshold shear rate for extension 
and the magnitude of the elongational response are heavily influenced by the locations 
(along the multimer contour) of the multiple binding sites, illustrated in Figure 23C.  
Threshold shear rates for extension occur approximately between 500 𝑠−1 and 2,000 𝑠−1.  
Additionally, there is nearly a 50% difference between the smallest and largest normalized 
extensions observed at 5,000 𝑠−1.   
Figure 23D illustrates the ensemble average normalized extension as a function of 
shear rate for both experiment and simulation.  The experimental data points and shaded 
region in Figure 23D illustrate normalized extension data and variation previously plotted 
in Figure 22D.  The 22 simulation curves plotted in Figure 23(A–C) are superimposed on 
the experimental data in Figure 23D.  The overlap of simulation curves and the shaded 
region from experiment suggests agreement in the observed and predicted unraveling 
response behavior.  Simulation results capture the rapid increase in normalized extension 
up to 5,000 𝑠−1 observed in experiment, and the more gradual increase thereafter.  
Discussed earlier, variation in the extensional response behavior of tethered VWF in shear 
flows is attributed, at least in part, to changes in chain length, tether point location, and 
number of tethering location conditions.  Changes in the number of tethering locations 
seems to introduce the most variation, however all three variables alter the underlying 
biomechanical response of surface-bound VWF.  
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5.7 Conclusions 
 We advance data from single-molecule flow experiments for the reversible 
unraveling responses of tethered von Willebrand Factor multimers subject to shear flows 
up to 20,000 𝑠−1 using a microfluidic device and fluorescence microscopy. The observed 
flow-induced VWF elongation is in qualitative agreement with the previous reported result 
by Fu et al.35. Shear-induced dynamics of the 70-molecule ensemble were compared by 
normalizing elongation data, which revealed large variations in the extensional responses 
of tethered VWF. This variation is explained using the results of companion Brownian 
dynamics simulations of an experimentally parameterized coarse-grained VWF model. 
Simulations revealed that the underlying biomechanical response of VWF is altered due to 
changes in chain length, tether point location, and number of tethering location conditions. 
We found that the threshold shear rate for extension decreases with increasing chain length 
and the magnitude of the normalized response at fixed shear rates is strongly dependent 
upon chain length and tethering conditions. Our simulation results suggest that the variation 
in normalized extension observed experimentally is inherent to the system, since VWF 
naturally adopts a wide range of molecular sizes and, presumably, tethering conditions. We 
heuristically fit shear-dependent normalized extension data from experiment, and found 
the average threshold shear rate of extension for tethered VWF to be 
approximately 400 𝑠−1.  Fluorescence microscopy images revealed non-homogenous 
fluorescence distributions along unraveled multimer contours, which qualitatively suggest 
that the local molecular density varies in the flow direction. Our simulation results 
corroborate that these high-intensity fluorescent regions can manifest depending on the 
number and location of tethering points, as well as the shearing strength, which can cause 
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portions of the chain to congregate together.  This study demonstrates the efficacy of 
employing experiment and simulation in tandem to reveal the nature of flow-induced 
changes in biomechanical state for relevant biological molecules.  We have shown that 
global conformational changes of tethered VWF can be predicted using a simple 
mechanical bead-spring model.  Methods developed in this study are useful tools for 
examining flow-induced macromolecule conformation towards understanding their 
biological functions.  
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Chapter 6: Conclusions and Future Progress 
This body of work examines flow-induced dynamics of the plasma protein von 
Willebrand Factor (vWF).  Brownian dynamics simulations discussed in chapter 3 
considered non-grafted vWF multimers in bulk shearing flows, and special attention was 
paid to studying A2 domain unfolding dynamics.  The model employed in chapter 3 
represented a single vWF monomer by a system of two beads, each having radius 𝑎 =
10𝑛𝑚, connected with a FENE spring.  The choice to employ a more relevant bead radius 
allowed the model to retain a greater level of detail in local monomer structure, but at a 
cost.   
Due to the small bead radii employed, the shear rates necessary for observing 
globule-stretch and A2 domain unfolding dynamics were significantly larger than 
physiological shear rates.  This is likely a result, in part, of the coarse-graining process, 
which reduces the number of degrees of freedom in a system, creates a smoother free-
energy landscape, and consequently enhances diffusive effects.  Other authors avoided 
such difficulties by neglecting local monomer structure altogether in their polymer models, 
and considered significantly larger bead radii to increase frictional effects. 
Future work should address this issue by attempting to maintain local monomer 
structure in the model, while simultaneously capturing the correct frictional effects.  One 
possible solution is to incorporate the drag acting on connecting FENE springs.  The 
presence of the FENE springs is unknown to the flow, and polymer friction is generated 
only by the beads in the current model.  The goal is to maintain a relevant bead radius and 
as few degrees of freedom as possible (i.e. bead members).  Instead of adding new or larger 
beads to the polymer model, inclusion of FENE spring drag can be thought of as adding 
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linear combinations of the existing degrees of freedom to the system – provided that the 
FENE spring dynamics are defined by those of the neighbor beads.  Such an approach 
would maintain computational efficiency, while also modeling frictional effects more 
accurately. 
The results of Brownian dynamics simulations in chapter 4 were used as input to a 
Random Forest algorithm (RFA).  With considerable success, the RFA was designed to 
predict local A2 domain state, based on macromolecular conformational information.  In 
doing so, several aspects of the macromolecular behaviors occurring in concert with local 
A2 domain unfolding events were elucidated.  Future work should consider using confocal 
microscopy images taken directly from single-molecule experiments as input to a RFA.  
Examples of such images are shown in chapter 3.  In-depth analysis of these images is 
made difficult by image blurring caused by thermal motion of the specimen during the 
image acquisition time, ambient light pollution, and other possible sources of experimental 
error.  Additionally, it may be beneficial to view these images instead as a probability 
distribution for the polymer position, integrated over a period of time.  From this 
framework, it may be possible to refine images further using theory of expectations to make 
quantification of more detailed observations possible. 
Brownian dynamics simulations performed in chapter 6 attempted to reproduce and 
aid in the explanation of observations from single-molecule experiments of wall-bound 
vWF multimer unraveling under the influence of shearing flow.  Previous authors have 
examined the effects of self-entanglements on flowing polymers using a spring-spring 
repulsion force to prevent unphysical intersections131.  Some of those authors later reported 
that chain uncrossability had insignificant effect on the dynamics of polymer chains99. 
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However, that work considered a non-grafted polymers in shear flow without 
hydrodynamic interactions.  For the case considered in chapter 6, future work should seek 
to incorporate a chain uncrossability constraint, likely by employing a spring-spring 
repulsion force.  There are tremendous differences in the unraveling behavior exhibited by 
grafted and non-grafted polymers in flow.  Although the influence of spring-spring 
repulsive forces had insignificant effect on the dynamics of non-grafted polymers, it is 
reasonable to assume that chain uncrossability will greatly influence the extensional 
response behaviors.   
Consider the ratio of the maximum extensible FENE spring length, measured by 
the edge-to-edge distance, to the bead diameter.  In chapter 3, the beads have a diameter 
of 30𝑛𝑚, and the maximum extensible FENE spring length employed was 51.5𝑛𝑚.  
Accordingly, there is much opportunity for spring intersection to occur for a tethered 
polymer that is unraveling in shear flow.  This phenomenon was probed minimally, and it 
was confirmed that different behavior would be observed if monomers were unable to pass 
through each other in an unphysical manner.  However, not enough work has been done to 
characterize the effect of chain uncrossability on the extensional response behaviors of 
tether vWF multimers in shearing flow. 
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